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SUMMARY
T h e r e  is  e v id e n c e  t o  s h o w  t h a t  b lo o d  p la t e l e t s  p o s s e s s  a  s im i l a r  
s e r o t o n e r g ic  m e c h a n is m  ( u p ta k e ,  s to r a g e  a n d  r e le a s e )  t o  t h e  n e r v e - e n d in g s  o f  t h e  
s e r o t o n in - c o n t a in in g  n e u ro n s  o f  t h e  c e n t r a l  n e r v o u s  s y s te m .
P a r a l le l  s tu d ie s  w e r e  t h e r e f o r e  c a r r i e d  o u t  o n  t h e  e f f e c t s  o f  m a l n u t r i t i o n  
o n  t h e  s e r o to n in  m e t a b o l is m  in  b o th  s y n a p to s o m e s  a n d  t h e  b lo o d  p la t e l e t s  in  a n  
a t t e m p t  t o  v a l id a t e  t h e  u se  o f  b lo o d  p l a t e l e t s  as  a m o d e l  f o r  c e n t r a l  n e u r o n a l  
s e r o to n in  t r a n s m is s io n ,  e s p e c ia l l y  in  c h i ld r e n  s u f f e r in g  w i t h  p r o t e in - e n e r g y  
m a l n u t r i t i o n  ( P E M ) .
T h e  n u t r i t i o n a l  s t a t u s  o f  g r o w in g  r a t s  w a s  m a n ip u la te d  b y  f e e d in g  t h e m  a 
lo w  p r o t e in  (3 %  c a s e in )  d ie t .  L i t t e r  m a te s  w e r e  p a i r - f e d  r e s t r i c t e d  a m o u n ts  o f  a  
h ig h  p r o t e in  (2 5 %  c a s e in )  is o c a lo r ic  d ie t .  C o n t r o ls  w e r e  a l lo w e d  u n r e s t r i c t e d  
a c c e s s  t o  t h e  h ig h  p r o t e in  d ie t .  T h e s e  m a n ip u la t io n s  m a d e  i t  p o s s ib le  t o  s t u d y  
t h e  e f f e c t s  o f  lo w  p r o t e in  in t a k e ,  ie ,  m a l n u t r i t i o n  a n d  lo w  e n e r g y  in t a k e ,  ie ,  
u n d e r n u t r i t i o n  o n  s e r o to n in  m e t a b o l is m .
P la t e le t s  w e r e  o b ta in e d  f r o m  p l a t e l e t - r i c h  p la s m a  ( P R P )  p r e p a r e d  f r o m  
b lo o d  t a k e n  b y  c a r d ia c  p u n c t u r e  o f  s l i g h t l y  a n a e s th e t iz e d  m a le  W is t a r  a lb in o  
r a t s ;  t h e  s y n a p to s o m e s  w e r e  d e r iv e d  b y  d i f f e r e n t i a l  a n d  d is c o n t in u o u s  s u c r o s e  
d e n s i t y  g r a d ie n t  c e n t r i f u g a t i o n s  o f  t h e  b r a in s .
T h e  d ie t - in d u c e d  s te a d y  s t a t e s  o f  t r y p t o p h a n  (T P ) ,  5 - h y d r o x y t r y p t a m in e ,  5 -  
H T  ( s e r o to n in )  5 - h y d r o x y in d o le  a c e t i c  a c id  ( 5 - H lA A )  a n d  ^ H - T P  u p t a k e  in t o  t h e  
r e s p e c t iv e  t is s u e  p r o te in s  w e r e  in v e s t ig a t e d .  T h e  p r o t e in  c o n t e n t  o f  e a c h  t is s u e  
w a s  a ls o  d e t e r m in e d .
IV
T h e  r e s u l t s  (e x p re s s e d  as a r a t i o  t o  p r o t e in )  s h o w e d  t h a t  a l t h o u g h  t h e  b lo o d  
p l a t e l e t s  b e a r  a h ig h  d e g r e e  o f  s i m i l a r i t y  in  T P  c o n c e n t r a t io n s  a n d  u p t a k e  t o  
c e n t r a l  s y n a p to s o m e s ,  e s p e c ia l l y  in  y o u n g  r a t s ,  t h is  s i m i l a r i t y  w a s  n o t  a p p a r e n t  
in  o ld e r  a n im a ls .  T h e  r e s u l t s  s h o w e d  in  p a r t i c u l a r  t h a t  m a l n u t r i t i o n  h a d  n o  
e f f e c t  o n  t h e  s e r o to n in  c o n c e n t r a t i o n  in  t h e  s y n a p to s o m e s .  W h e re a s  t h is  w a s  
h ig h ly  d i s t o r t e d  in  t h e  p l a t e l e t s  f r o m  b o t h  m a l n u t r i t i o n  a n d  u n d e r n o u r is h e d  
a n im a ls .  T h e  f o r m a t io n  o f  5 - H lA A ,  t h o u g h  d i s t o r t e d  in  n u t r i t i o n a l l y - d e p r i v e d  
p la t e l e t s ,  w a s  s im i l a r  t o  t h e  c o n t r o ls .
T h e  b lo o d  p la t fe le ts  w e r e  m o r e  v u ln e r a b le  t o  a  d i e t a r y  d e f i c ie n c y  o f  p r o t e in  
t h a n  o f  e n e r g y .  T h is  w a s  e v id e n t  in  t h e  h ig h e r  le v e ls  o f  T P ,  5 - H T  a n d  5 - H lA A  
a n d  lo w e r  p r o t e in  c o n t e n t  in  t h e  p l a t e l e t s  o f  t h e  p r o t e i n - d e f i c i e n t  a n im a ls .
I t  w a s  c o n c lu d e d  f r o m  t h e  r e s u l t s  t h a t  in  r a t s  t h e  b lo o d  p l a t e l e t  is  n o t  a  
s u i t a b le  m o d e l f o r  c e n t r a l  n e u r o n a l  s e r o to n in  t r a n s m is s io n  in  n u t r i t i o n a l l y -  
d e p r iv e d  a n im a ls .
M o r e o v e r ,  t h e  f a c t  t h a t  t h e r e  w a s  a  d i f f e r e n c e  b e tw e e n  t h e  c o n c e n t r a t i o n  
o f  s e r o to n in  in  t h e  b lo o d  p l a t e l e t s  a n d  s y n a p to s o m e s ,  p r o b a b ly  i n d i c a t i n g  
d i s s im i l a r i t i e s  in  u p t a k e ,  s to r a g e  a n d  r e le a s e ,  in  t h e  c o n t r o l  a n im a ls  m a y  
p r e c lu d e  t h e  u s e  o f  p l a t e l e t s  as  a  m o d e l  f o r  c e n t r a l  s y n a p t ic  s e r o t o n in  
m e t a b o l is m ,  e v e n  in  p h y s io lo g ic a l  c o n d i t i o n s .
H o w e v e r ,  i t  m a y  b e  t h a t  b lo o d  p l a t e l e t s  c o u ld  b e  u s e f u l  in  a s s e s s in g  
n u t r i t i o n a l  s t a t u s .
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CHAPTER I
INTRODUCTION
1 .1  G E N E R A L  I N T R O D U C T I O N
M a l n u t r i t i o n  is  t h e  m o s t  w id e s p r e a d  n u t r i t i o n a l  d is e a s e  in  t h e  w o r ld ,  
c a u s in g  a la r m in g  n u m b e r s  o f  d e a th s  e s p e c ia l l y  a m o n g s t  p r e - s c h o o l  a g e  c h i ld r e n .  
I t  is  v e r y  p r e v a le n t  a m o n g  c h i ld r e n  a n d  m o t h e r s  o f  d e v e lo p in g  c o u n t r ie s .  I t  is
a ls o  fo u n d  in  s e c lu d e d  p o o r  c o m m u n i t ie s  o f  a f f l u e n t  s o c ie t ie s  o r  c o u n t r ie s  
( J e l l i f f e  a n d  J e l l i f f e ,  1 9 7 3 )  a n d  m o s t  e s p e c ia l l y  o f  lo w  in c o m e  s o c ia l l y  
m a la d ju s t e d  f a m i l i e s  (C h a s e  a n d  M a r t i n ,  1 9 7 0 ) .
I t  is  e s t im a t e d  t h a t  3 5 0  m i l l i o n  c h i ld r e n  s u f f e r  f r o m  t h is  d is e a s e  in  t h e  
w h o le  w o r ld  w i t h  m o r e  t h a n  h a l f  f r o m  A f r i c a  a lo n e  a n d  s e v e r a l  h u n d r e d  m i l l i o n  
m o r e  in  o t h e r  d e v e lo p in g  c o u n t r ie s  s u c h  as  C e n t r a l  a n d  L a t i n  A m e r i c a ,  I n d ia ,  
I n d o - C h in a  a n d  S o u th  E a s t  A s ia .  T h e s e  c o u n t r ie s  a r e  i d e n t i f i e d  c o n s p ic u o u s ly  in  
th e  T r o p i c a l  a n d  S u b t r o p ic a l  r e g io n s  o f  t h e  w o r ld  a n d  t h e  c h i ld r e n  w h o  a r e  a t  
h ig h e s t  r i s k  a re  th o s e  in  t h e  s e g m e n ts  o f  s o c ie t y  w h ic h  a r e  t h e  p o o r e s t  a n d  
s o c ia l l y  m o s t  d e p r iv e d  ( C r a v io t o  e t  ^ . ,  1 9 7 1 ) .
T h e r e  a r e  b a s ic a l ly  t w o  d is t in g u is h a b le  s y n d r o m e s  t h a t  a r e  c o v e r e d  b y  t h e  
t e r m  ’M a l n u t r i t i o n ’ (H a n s e n ,  1 9 6 1 ;  D e a n ,  1 9 6 5 )  a n d  d ie t  d e f i c i e n t  in  a l l  n u t r i e n t s  
w i t h  a d e q u a te  o r  in a d e q u a te  e n e r g y  s u p p ly  m a y  p r o d u c e  e i t h e r  c o n d i t i o n  
( G o p a la n ,  1 9 6 9 ) .
In a d e q u a te  in t a k e  o f  p r o t e in  b u t  a d e q u a te  in t a k e  o f  e n e r g y  w i l l  g iv e  r is e  
t o  g r o w t h  f a i l u r e  w i t h  c h a r a c t e r i s t i c  f e a t u r e s  o f  o e d e m a  w h ic h  m a y  b e  a n  e a r l y  
o r  m o s t  d r a m a t ic  a n d  p r i n c ip a l  c l i n i c a l  s ig n  ( A l le y n e  e t  ^ . ,  1 9 7 2 ;  
W h i te h e a d ,  1 9 8 1 ) .  T h is  t y p e  o f  m a l n u t r i t i o n  k n o w n  as ’K w a s h io r k o r ’
( W i l l ia m s ,  1 9 3 1  r e p r in t e d  in  N u t r i t i o n  R e v ie w ,  1 9 7 3 )  m a y  o c c u r  w i t h  o r  w i t h o u t  
h a i r  a n d  s k in  c h a n g e s .  I t  is  a  d is e a s e  o f  t h e  w e a n l in g  c h i ld  in  w h ic h  t h e  
p o s t - w e a n in g  s t a p le  d ie t s  c o n s is t  m a in ly  o f  c e r e a ls  a n d  t u b e r ,  t y p i c a l  p r o d u c t s  o f  
t h e  T r o p i c a l  r a i n f a l l  r e g io n .
A  d ie t  t h a t  is  g r o s s ly  in a d e q u a te  in  a l l  n u t r i e n t s  e s p e c ia l l y  e n e r g y ,  w i l l  g iv e  
r is e  t o  'M a r a s m u s ’ , T h is  t y p e  o f  m a l n u t r i t i o n  w h ic h  m a n i f e s t s  i t s e l f  u s u a l ly  in  
t h e  c h i ld  u n d e r  t h e  a g e  o f  t w o ,  is  c l i n i c a l l y  t y p i f i e d  b y  s e v e r e  e m a c ia t i o n  w i t h  
f e a t u r e s  o f  s e v e r e  w a s t in g  o f  b o d y  f a t  a n d  m u s c le  w i t h  n o  o e d e m a .  G r o w t h  
f a i l u r e  is  o f t e n  m a r k e d  ( F o m o n ,  1 9 7 4 ;  W h i te h e a d ,  1 9 8 1 ) .  M a r a s m u s  is  v e r y  
c o m m o n  in  a r e a s  o f  p e r io d ic  f o o d  s h o r ta g e  e s p e c ia l l y  in  t h e  s u b t r o p i c a l  r e g io n s  
a n d ,  in  A f r i c a ,  a re a s  im m e d ia t e ly  s o u th  o f  t h e  S a h a ra  d e s e r t .
B e c a u s e  o f  lo s s  o f  a p p e t i t e  a n d  a n o r e x ia  e x p e r ie n c e d  in  k w a s h io r k o r  w i t h  
d r a s t i c a l l y  r e d u c e d  t o t a l  f o o d  in t a k e ,  i t  is  u s u a l t o  s e e  k w a s h io r k o r  a c c o m p a n ie d  
b y  s u p e r im p o s e d  m a r a s m u s  in  t h e  s a m e  c h i ld .  T h is  t y p e  o f  m a l n u t r i t i o n  is  m o r e  
c o m m o n ly  c a l le d  M a r a s m ic - K w a s h io r k o r  ( P ic o u  e t  a l . ,  1 9 6 5 )  o r  s im p ly  
P r o t e in - E n e r g y  M a l n u t r i t i o n  (P E M ) .  T h e r e  a r e  m a n y  o t h e r  f e a t u r e s ,  d i e t a r y  a n d  
e n v i r o n m e n t a l ,  t h a t  c o n t r i b u t e  t o  t h e  c o m p le x  a e t io lo g y  o f  P E M  ( W i l l ia m s ,  1 9 6 2 ;  
W i l l ia m s ,  1 9 6 9 ) .
C a t e g o r i z a t io n  o f  P E M  f o r  c l i n i c a l  p u rp o s e s  w a s  p r o p o s e d  b y  a n  
I n t e r n a t io n a l  W o r k in g  P a r t y  s p o n s o re d  b y  t h e  W e l lc o m e  F o u n d a t io n ,  t h e  
W e l lc o m e  T r u s t  W o r k in g  P a r t y ,  a n d  t h e  a c c e p t e d  p r o p o s a l n o w  k n o w n  a s  t h e  
W e l lc o m e  c la s s i f i c a t i o n  is  b e in g  u s e d  as  t h e  c r i t e r i a  f o r  c a t e g o r i z in g  P E M  
( E d i t o r i a l ,  L a n c e t ,  A u g u s t  8 ,  1 9 7 0 )  a s  f o l l o w s :
M a r a s m u s :  C h i ld r e n  w h o  a r e  le s s  t h a n  6 0 %  o f  t h e i r  b o d y  w e ig h t  f o r
a g e  b a s e d  o n  t h e  5 0 th  p e r c e n t i l e  o f  B o s to n  S ta n d a r d s  
( S t u a r t  a n d  S te v e n s o n ,  1 9 5 9 )  w i t h  n o  o e d e m a .
K w a s h io r k o r :  C h i ld r e n  w h o  a re  6 0 - 8 0 %  o f  t h e i r  e x p e c t e d  b o d y  w e ig h t
f o r  a g e  w i t h  o e d e m a .
M a r a s m ic -  C h i ld r e n  w h o  a re  le s s  th a n  6 0 %  o f  t h e i r  b o d y  w e ig h t  f o r
K w a s h io r k o r :  a g e  b u t  h a v e  o e d e m a .
T h e  d i f f i c u l t y  in  f o l l o w in g  t h is  p a t t e r n  o f  c r i t e r i a  is  t h a t  t h e  c l i n i c a l  
d i f f e r e n t i a t i o n  o f  P E M  m a y  v a r y  f r o m  p la c e  t o  p la c e  o r  a m o n g s t  in d iv id u a ls  ju s t  
as  t h e  t r a d i t i o n a l  w e a n in g  a g e  p a t t e r n  v a r ie s  f r o m  p la c e  t o  p la c e  in  a r e a s  w h e r e  
P E M  is  p r e v a le n t  o r  e n d e m ic .
1 .2  E F F E C T  O F  P E M  O N  B O D Y  W E IG H T  A N D  B R A I N  W E IG H T
1 .2 .1  E f f e c t  in  M a n
( i )  C h i ld r e n
T h e  c h i ld r e n  f r o m  lo w  s o c io - e c o n o m ic  g ro u p s  w h o  a r e  a t  h ig h e s t  r i s k  h a v e  
r e d u c e d  g r o w t h  a n d  a s lo w e r  m a t u r a t io n  r a t e  ( C r a v io t o  e t  a l . ,  1 9 6 6 ;  M o n c k e b e r g  
e t  ^ . ,  1 9 6 7 ;  G r a h a m ,  1 9 6 8 ) .  T h e  s m a l le r  s t a t u r e ,  s m a l le r  b r a in  ( B r o w n ,  1 9 6 5 ,  
1 9 6 6 )  a n d  a p p a r e n t ly  lo w  m e n t a l  c a p a b i l i t i e s  f o u n d  in  th e s e  c h i ld r e n  a n d  a d u l t s  
h a v e  b e e n  c o r r e la t e d  w i t h  r e s t r i c t e d  g r o w t h  in  e a r ly  l i f e  ( G a r r o w  a n d  P ik e ,  1 9 6 7 ;  
C h a m p a k a m  e t  a l . ,  1 9 6 8 ;  H e r t z i g  e t  a l . ,  1 9 7 2 .
I n t e r e s t  h a s  fo c u s s e d  o n  t h e  p o s s ib i l i t y  t h a t  t h is  g r o w t h  r e s t r i c t i o n  m a y  
le a d  t o  p e r m a n e n t  r e t a r d a t i o n  in  u n d e r p r iv i le g e d  s o c ie t ie s  ( M o n c k e b e r g ,  1 9 6 8 ;  
S to c h  a n d  S m y th e ,  1 9 6 8 ;  C r a v io t o  a n d  D e  L i c a r d ie ,  1 9 6 8 ) .  T h e  i n t e r p r e t a t i o n  o f  
th e s e  o b s e r v a t io n s  is ,  h o w e v e r ,  c o m p l ic a t e d  b y  g e n e t i c  a n d  o t h e r  f a c t o r s  
in c lu d in g  p o o r  c u l t u r a l  ( B i r c h ,  1 9 6 8 ) ,  e d u c a t io n a l  a n d  s o c io - e c o n o m ic
( L iv in g s t o n e ,  1 9 7 1 )  b a c k g r o u n d .
( i i )  N e o n a te s
A p a r t  f r o m  P E M ,  t h e r e  a re  o t h e r  c h i ld r e n  n o t  n e c e s s a r i ly  in  p o o r  c o u n t r ie s  
t h a t  c o u ld  b e  v u ln e r a b le  t o  a lm o s t  t h e  s a m e  d i s t o r t i o n s  o f  b o d y  a n d  b r a in  g r o w t h .  
T h u s  b a b ie s  o f  lo w  b i r t h  w e ig h t  m a y  b e  b o r n  in  a f f l u e n t  as w e l l  as
u n d e r p r iv i le g e d  s o c ie t ie s .  B a b ie s  o f  t h is  s o r t  m a y  be  d iv id e d  in t o  th o s e  w h o  a r e  
b o r n  p r e m a t u r e ly  a n d  th o s e  b o r n  n e a r  ' t e r m '  b u t  s m a l l  d u e  t o  s lo w  i n t r a - u t e r i n e  
g r o w t h  ( G r u e n w a ld ,  1 9 6 3 , 1 9 6 6 ) .  A  t h i r d  g r o u p ,  b a b ie s  w i t h  c o n g e n i t a l  s t r u c t u r a l  
d e f e c t s  o r  w i t h  in b o r n  m e t a b o l ic  e r r o r s  w h ic h  o p e r a te  in  u t e r o ,  a r e  o u t s id e  t h e  
s c o p e  o f  t h e  p r e s e n t  d is c u s s io n .
B a b ie s  b o r n  a t  f u l l  t e r m  o r  p r e m a t u r e ly  w h o s e  b i r t h  w e ig h t s  a r e  le s s  t h a n  
t w o  k i lo g r a m s  c a n  b e  i n t e l l e c t u a l l y  a f f e c t e d  p e r m a n e n t ly  ( W e in e r  e t  a l . ,  1 9 6 5 ;  
S in g e r  e t  a l . ,  1 9 6 8 ) .  P r e n a t a l  d e v e lo p m e n t  c a n  b e  in f lu e n c e d  b y  n u t r i t i o n ,  v e r y  
o f t e n  g iv in g  r is e  t o  lo w  b i r t h  w e ig h t  b a b ie s ;  b i r t h  w e ig h t s  a n d  le n g th s  o f  b a b ie s  
b o t h  c o r r e la t e  w i t h  t h e  a m o u n t  o f  p r o t e in  in  t h e  m a t e r n a l  d i e t  ( B u r k e  e t  
a l . ,  1 9 4 3 ;  C h o w  e t  ^ . ,  1 9 6 7 ) .  I t  is  n o w  g e n e r a l l y  b e l ie v e d  t h a t  d i e t  d u r in g  
g e s t a t io n  c a n  a f f e c t  t h e  d e v e lo p m e n t  o f  t h e  f o e tu s
( i l l )  F o e tu s e s
I n t r a - u t e r i n e  g r o w t h  r e t a r d a t i o n  ( lU G R )  w h ic h  is  a n  in d e x  o f  f o e t a l  
m a l n u t r i t i o n  ( M e t c o f f ,  1 9 7 3 )  in d ic a t e s  b o th  t h e  n u t r i t i o n a l  s t a t u s  o f  t h e  m o t h e r 's  
b o d y  d u r in g  p r e g n a n c y  as w e l l  as  h e r  d i e t a r y  in t a k e .
1 .2 .2  In  E x p e r im e n t a l  A n im a ls
( i )  P o s t n a t a l  M a l n u t r i t i o n
A t  w e a n in g ,  r a t  p u p s  r e a r e d  in  la r g e  l i t t e r s  h a v e  s m a l le r  b o d y  a n d  b r a in  
w e ig h t s  t h a n  p u p s  r e a r e d  in  s m a l l  l i t t e r s  ( W id d o w s o n  a n d  M c C a n c e ,  1 9 6 0 ) .  
R e s t r i c t i n g  n u r s in g  t im e  h a s  s im i l a r  e f f e c t s  o n  a  n o r m a l  s iz e  l i t t e r  ( R a ja la k s h m i  
e t  a l . ,  1 9 6 7 ) .  T h is  d e f i c i t  in  b o d y  w e ig h t  is  i r r e v e r s ib le  ( D o b b in g ,  1 9 6 8 b )  a n d  
p u p s  u n d e r n o u r is h e d  in  th e s e  w a y s  n e v e r  r e a c h  n o r m a l  a d u l t  s iz e  ( M c C a n c e  a n d  
W id d o w s o n ,  1 9 6 2 ;  D o b b in g  a n d  W id d o w s o n ,  1 9 6 5 ;  S o b o tk a  e t  a l . ,  1 9 7 4 ) .  A  m o r e  
s e v e r e  ' im m e d ia t e  p o s tw e a n in g '  u n d e r n u t r i t i o n  a f f e c t s  p e r m a n e n t ly  t h e  g r o w t h  
p o t e n t i a l  in  e x p e r im e n t a l  r a t  ( D ic k e r s o n  a n d  H u g h e s ,  1 9 7 2 ;  D ic k e r s o n  a n d
M c A n u l t y ,  1 9 7 2 ; D ic k e r s o n  e t  a l . ,  1 9 7 2 ) .  R e h a b i l i t a t i o n  f o r  a b o u t  t e n  w e e k s  
a f t e r  a n  e ig h t  w e e k  ' im m e d ia t e  p o s t w e a n in g '  u n d e r n u t r i t i o n  ( f o o d  d e p r i v a t io n )  o r  
m a l n u t r i t i o n  ( lo w  p r o t e in  d e f i c ie n c y )  d id  n o t  f u l l y  " c a t c h  u p "  t o  t h e  c o n t r o ls  
( D o b b in g ,  1 9 6 8 a ;  P a o  a n d  D ic k e r s o n ,  1 9 7 5 ) .
M a t e r n a l  a n d  I n t r a - u t e r i n e  U n d e r n u t r i t i o n
S in c e  I t  IS d i f f i c u l t  t o  o b t a in  p r e c is e  i n f o r m a t io n  o n  t h e  r o le  o f  m a t e r n a l  
m a l n u t r i t i o n  o n  f o e t a l  d e v e lo p m e n t  in  h u m a n  s tu d ie s ,  a n im a l  s tu d ie s  h a v e  b e e n  
e x t r e m e ly  u s e fu l  s in c e  s p e c i f i c  s im p le  f a c t o r s  c a n  b e  is o la t e d  a n d  q u e s t io n s  c a n  
b e  in v e s t ig a t e d  e x p e r im e n t a l l y .  T h e r e  a r e  m a n y  m o d e s  o f  n u t r i t i o n a l  
m a n ip u la t io n  f o r  s u c h  in v e s t ig a t io n s .
R e s t r i c t i n g  f o o d  in t a k e  t o  o n e - h a l f  o f  t h a t  t a k e n  b y  u n r e s t r i c t e d  f e m a le  
r a t s  d u r in g  g e s t a t io n  a n d  l a c t a t i o n  ( n e o n a t a l  u n d e r n u t r i t i o n )  c a u s e s  a p e r m a n e n t  
a n d  s tu n te d  g r o w t h  in  th e  o f f s p r in g  o f  t h e  f o r m e r  ( Z a m e n h o f  e t  a l . ,  1 9 6 8 ;  Z e m a n  
a n d  S ta n b r o u g h ,  1 9 6 9 ;  D ic k e r s o n  a n d  M c A n u l t y ,  1 9 7 2 ) .  W h e n  r e s t r i c t i o n  is  
a p p l ie d  o n ly  t o  g e s t a t io n a l  p e r io d ,  t h e  o f f s p r in g  h a v e  lo w  b i r t h  w e ig h t s  a n d  
g ro -  t h  d u r in g  t h e  s u c k l in g  p r e -  a n d  p o s tw e a n in g  p e r io d s  p e r s is t e n t l y  lo w e r  t h a n  
n o r m a l  ( D ic k e r s o n  a n d  J a r v is ,  1 9 7 0 ;  R o e d e r  a n d  C h o w ,  1 9 7 2 ) .
i - 2 - 3  B r a in  W e ig h t  a n d  B o d y  W e ig h t  R e la t io n s h ip
T h e  r a t i o  o f  b r a in  w e ig h t  : b o d y  w e ig h t  (% )  is  h ig h e r  in  m a ln o u r is h e d  t h a n  
c o n t r o l  a n im a ls  o f  t h e  s a m e  a g e  ( D o b b in g  a n d  W id d o w s o n ,  1 9 6 5 ;  D o b b in g  a n d  
S a n d s , 1 9 7 1 ;  P a o  a n d  D ic k e r s o n ,  1 9 7 5 ) .  T h e  r is e  in  t h e  r a t i o  d e p e n d s  o n  t h e  
s e v e r i t y  o f  t h e  u n d e r n u t r i t i o n .
S im i la r  h ig h  r a t io s  h a v e  b e e n  fo u n d  in  U g a n d a n  c h i ld r e n  w h o  d ie d  o f  
k w a s h io r k o r  o r  m a r a s m u s  ( B r o w n ,  1 9 6 6 )  a n d  J a m a ic a n  c h i ld r e n  w h o  d ie d  o f  P E M  
a f t e r  o n e  y e a r  o f  l i f e  ( D ic k e r s o n  e t  a i ,  1 9 8 2 ) .
S im i la r l y ,  t h e  's m a l l  f o r  d a te '  (S F D )  b a b ie s  h a v e  h ig h e r  b r a in  w e ig h t  : b o d y
w e ig h t  r a t i o  th a n  e x p e c t e d  f o r  o o d y  w e ig h t  w h e n  c o m p a r e d  t o  p r e m a t u r e ly  b o r n  
f o e tu s e s  ( G r u e n w a ld ,  1 9 6 3 ;  D o b b in g ,  1 9 6 8 a ) .
1 .2 .4  B e h a v io u r a l  D is tu r b a n c e s  a n d  P E M
T h e  c o n s e q u e n c e s  o f  m a l n u t r i t i o n  a r e  n u m e r o u s ,  b u t  t h e  o n e  t h a t  is  o f  
im m e d ia t e  c o n c e r n  t o  m a n k in d  is  t h e  e f f e c t  o n  m e n t a l  o r  i n t e l l e c t u a l  
d e v e lo p m e n t .  D o b b in g  (1 9 7 6 )  c o m m e n t e d  t h a t  " I n f a n t  m a l n u t r i t i o n  is  a r g u a b ly  
th e  g r e a t e s t  o f  m a n - m a d e  s c o u r g e s .  I n t e l l e c t ,  t h e  o t h e r  p a r a m e t e r  o f  t h e  
e x p r e s s io n ,  is  m a n 's  m o s t  d is t in g u is h in g  a t t r i b u t e .  T h e  t w o  t o g e t h e r  a r e  a  
p o t e n t i a l l y  e x p lo s iv e  t o p i c "
In  J a m a ic a ,  R ic h a r d s o n  (1 9 7 6 )  fo u n d  t h a t  a  p r e v io u s  e p is o d e  o f  o v e r t  
m a l n u t r i t i o n  a n d  c o n t in u in g  u n d e r n u t r i t i o n  t h e r e a f t e r ,  a f f e c t e d  t h e  I n t e l l e c t u a l  
Q u o t ie n t  ( I .Q . )  a t  6 t o  1 0  y e a r s  o f  a g e ;  b u t  t h a t  a  f a v o u r a b le  s o c ia l  b a c k g r o u n d  
d id  m u c h  t o  c o u n t e r a c t  t h e  e f f e c t s  a n d  w a s ,  in  f a c t ,  t h e  d o m in a n t  f a c t o r .
T h e  g e n e r a l  g r o w t h  r e t a r d a t i o n  h a s  a ls o  b e e n  a s s o c ia te d  w i t h  p h y s ic a l ,  
m e n t a l  a n d  e m o t io n a l  i n a c t i v i t y  ( G u z m a n  e t  a l . ,  1 9 6 4 ;  R o h m a n n  e t  ^ . ,  1 9 6 4 ) ,  
w h i le  a p a t h y  a n d  o t h e r  o b s e r v e d  b e h a v io u r a l  c h a n g e s  s u c h  as  i r r i t a b i l i t y  a n d  
u n r e s p o n s iv e n e s s  in  c h i ld r e n  s u f f e r in g  f r o m  P E M  in d ic a t e  c e n t r a l  n e r v o u s  s y s te m  
(C N S )  in v o lv e m e n t  w h ic h  m a y  o r  m a y  n o t  b e  p e r m a n e n t .
I t  h a s  b e e n  s h o w n  1 .2 .3  a b o v e  t h a t  a p a r t  f r o m  c h i ld h o o d  P E M ,  b r a in  g r o w t h  
a n d  d e v e lo p m e n t  c a n  a ls o  b e  in f lu e n c e d  b y  b o th  p r e -  a n d  p e r in a t a l  m a l n u t r i t i o n .  
B e h a v io u r a l  a b n o r m a l i t y  a s s e s s e d  b y  lo w e r  I .Q . ,  a s s o c ia te d  w i t h  lo w  b i r t h  w e ig h t  
is  a ls o  fo u n d  in  l i g h t e r  c o - t w i n s  ( S c a r r ,  1 9 6 9 ) .  F a c t o r s  s u c h  as  d is e a s e s ,  d r u g s  
a n d  c h r o m o s o m a l a b n o r m a l i t i e s  c a n  a f f e c t  t h e  p la c e n t a  a n d  r e s u l t  in  a  lo w  b i r t h  
w e ig h t  b a b y  w i t h  m e n ta l  r e t a r d a t io n .
8I t  is  e v id e n t  f r o m  t h e  a b o v e  r e v ie w  t h a t  a p p r o p r ia t e  fo o d  t o g e t h e r  w i t h  
f a v o u r a b le  s o c io - e c o n o m ic  c i r c u m s ta n c e s  a re  n e c e s s a r y  f o r  t h e  a t t a i n m e n t  o f  
o p t im a l  n u t r i t i o n a l  s t a t u s .  H e n c e ,  t h e  r e la t io n s h ip s  o f  n u t r i t i o n  t o  b r a in  g r o w t h ,  
d e v e lo p m e n t  a n d  f u n c t i o n  a r e  v e r y  im p o r t a n t  in  m a ln o u r is h e d  c h i ld r e n .
T h e  e f f e c t  o f  P E M  a n d  o t h e r  c a t e g o r ie s  o f  m a l n u t r i t i o n ,  in c lu d in g  
r e h a b i l i t a t i o n  o n  t h e  g r o w t h  a n d  d e v e lo p m e n t  o f  t h e  b r a in  h a s  b e e n  e x t e n s iv e ly  
s t u d ie d  b u t  c o m p a r a t i v e ly  l i t t l e  w o r k  h a s  b e e n  d o n e  o n  s y n a p t ic  t r a n s m is s io n .  
P a r t i c u l a r l y  is  t h i s  so  in  m a n  w h o m  s u c h  s tu d ie s  p r e s e n t  c o n s id e r a b le  d i f f i c u l t i e s .
T h e  b r a in  is  a  c o m p le x  o r g a n  c o m p o s e d  o f  a  n u m b e r  o f  d i f f e r e n t  p a r t s ,  
e a c h  w i t h  i t s  o w n  s t r u c t u r e  a n d  f u n c t i o n  w h ic h  t o g e t h e r  f o r m  a  h ig h ly  i n t e g r a t e d  
s y s te m  ( H u b e i ,  1 9 7 9 ) .  T h e  m a in  f e a t u r e s  p a r t i c u l a r l y  o f  i t s  b io c h e m is t r y  t h a t  
a re  r e le v a n t  t o  t h e  p r e s e n t  t h e s is  w i l l  n o w  b e  d is c u s s e d .
1 .3 .  T H E  B R A I N
1 .3 .1  T h e  N e u r o n
In  t h e  h u m a n  b r a in ,  t h e  n e u r o n s  o r  n e r v e  c e l ls  n u m b e r  a b o u t  1 0 ^ ^ ,  a n d  n o  
t w o  n e u ro n s  a r e  id e n t i c a l  in  f o r m .  M o s t  n e r v e  c e l ls  ( F ig u r e  1 .1 )  c o n s is t  o f  a  c e l l  
b o d y  - t h e  p e r ik a r y o n ,  w h ic h  m a y  b e  s m a l l  o r  la r g e ,  p y r a m id a l  o r  s t e l l a t e ;  t h e  
a x o n  e m a n a t in g  f r o m  a s w e l l i n g  in  t h e  c e l l  b o d y  -  t h e  a x o n  h i l l o c k  
( B a c h e la r d ,  1 9 8 1 ) ,  w h ic h  is  g e n e r a l l y  t h in  a n d  v e r y  lo n g ,  w i t h  a  n e t w o r k  o f  
b r a n c h e s  a t  t h e  e n d  o f  t h e  f i b r e  w h e r e  t h e  a x o n  m a k e s  c o n t a c t  w i t h  o t h e r  n e r v e  
c e l ls .  T h e  a x o n  is  u s u a l ly ,  b u t  n o t  a lw a y s ,  c o v e r e d  b y  t h e  m y e l in  s h e a th .  T h is  
in s u la t in g  s h e a th  is  s p i r a l  in  s t r u c t u r e  a n d  o f t e n  i n t e r r u p t e d  a t  i n t e r v a l s  a lo n g  i t s  
a x is  b y  N o d e s  o f  R a n v ie r .  T h e  a x o n  t e r m in a t e s  in  d e n d r i t e s  w h ic h  a r e  t h i c k e r  
a n d  s h o r t e r  s t r a n d s  th a n  t h e  a x o n  w i t h  m o r e  b u s h y  b r a n c h e s  a r o u n d  t h e  c e l l  b o d y .  
T h e  s t r a n d s  a re  n o t  c o v e r e d  b y  a n  in s u la t in g  s h e a th .  T h e  o f f  s h o o ts  f r o m  t h e  
n e r v e  c e l l  m a in  b o d y  a r e  c a l le d  p ro c e s s e s  a n d  t h r e e  m a in  t y p e s  o f  n e r v e  c e l l  c a n
Dendritic
spines
Perikaryon
Nucleus
Synapse Nucleolus
Dendrites
Smooth 
endoplasmic 
reticulumMitoch­
ondria
Axon hillock 
Axon
M yelm  sheath
Nerve ending 
Synapse
Rough endoplasmic 
reticulum (with 
attached ribosomes)
Nodes of 
Ranvier
Post-synaptic
cell
Fig 1.1. Schematic drawing of a neuron
(from Bachelard, 1981, with permission)
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b e  id e n t i f i e d  o n  t h is  b a s is .  T h e  u n ip o la r  c e l l  h a s  a n  a x o n ic  a t t a c h m e n t  w h i le  th e  
b i p o la r  h a s  b o th  a x o n ic  a n d  d e n d r i t i c  a t t a c h m e n t s .  A  g r e a t  n u m b e r  o f  n e r v e  
c e l ls  a r e  m u l t i p o la r  h a v in g  a n  a x o n  a n d  m a n y  d e n d r i t e s  e a c h .
D e s p i t e  t h e  d i f f e r e n t  d i s t i n c t i v e  s iz e  a n d  s h a p e  o f  n e r v e  c e l ls ,  t h e y  a l l
h a v e  c h a r a c t e r i s t i c a l l y  a  la r g e  n u c le u s ,  c o n t a in in g  t h e  g e n e t i c  m a t e r i a l ,  w i t h
n u c le o lu s ,  e n d o p la s m ic  r e t i c u lu m  - s m o o th  a n d  r o u g h  w i t h  n u m e r o u s  r ib o s o m e s
a t t a c h e d  a n d  a  h ig h  c o n t e n t  o f  m i t o c h o n d r ia .  T h e  r ib o s o m e s  in  p a r t i c u l a r  a r e
b io c h e m ic a l  o r g a n e l le s  f o r  s y n th e s is in g  e n z y m e s ,  m a c r o m o le c u le s  a n d  o t h e r
m o le c u le s  n e c e s s a r y  f o r  t h e  m e t a b o l is m  o f  t h e  c e l l .  T h e  n e r v e  c e l ls  in  a d d i t i o n
h a v e  a n  o u t e r  m e m b r a n e  c a p a b le  o f  g e n e r a t in g  n e r v e  im p u ls e s ,  a n d  a  u n iq u e
s t r u c t u r e ,  t h e  s y n a p s e ,  f o r  t r a n s f e r r i n g  i n f o r m a t io n  b io c h e m ic a l l y  f r o m  o n e  
n e r v e  c e l l  t o  t h e  n e x t .
T h e  d e n d r i t e s  p r o v id e  t h e  m a in  p h y s ic a l  s u r f a c e  o n  w h ic h  t h e  n e r v e  c e l l  
r e c e iv e s  in c o m in g  s ig n a ls  ( a f f e r e n t )  w h i le  t h e  a x o n  m a k e s  a v a i la b le  t h e  p a s s a g e  
o v e r  w h ic h  s ig n a ls  c a n  t r a v e l  f r o m  th e  c e l l  b o d y  o f  t h e  n e u r o n  ( e f f e r e n t )  t o  o t h e r  
p a r t s  o f  t h e  b r a in  a n d  n e r v o u s  s y s te m  i . e .  t o  o t h e r  n e u r o n s  ( S te v e n s ,  1 9 7 9 ) .  
T h e r e  is  a  d o u b le  s ig n a l l i n g  s y s te m  in  t h e  t r a n s f e r  o f  i n f o r m a t io n  b y  t h e  n e r v e  
c e l l ;  e l e c t r i c a l  a n d  c h e m ic a l .  T h e  s ig n a l g e n e r a te d  b y  a  n e u r o n  a n d  t r a n s p o r t e d  
a lo n g  i t s  a x o n  ( e f f e r e n t )  is  a n  e l e c t r i c a l  im p u ls e ,  w h i le  t h e  s ig n a l  is  t r a n s m i t t e d  
f r o m  c e l l  t o  c e l l  b y  m o le c u le s  o f  c h e m ic a l  s u b s ta n c e s ,  t h e  n e u r o t r a n s m i t t e r s .  
T h e s e  c h e m ic a l  s u b s ta n c e s  f l o w  a c ro s s  a s p e c ia l iz e d  c o n t a c t ,  t h e  s y n a p s e ,  
b e tw e e n  a  s u p p l ie r  o f  i n f o r m a t io n  (a n  a x o n  t e r m in a l  o r  o c c a s io n a l ly  a  d e n d r i t e )  
a n d  r e c i p ie n t  o f  i n f o r m a t io n  (a  d e n d r i t e ,  a  c e l l  b o d y  a n d  o c c a s io n a l ly  a n  a x o n  
t e r m in a l ) .  O n e  n e u r o n ,  g e n e r a l l y ,  is  f e d  b y  h u n d r e d s  o r  th o u s a n d s  o f  o t h e r  
n e u r o n s  a n d  in  t u r n  fe e d s  in t o  h u n d r e d s  o r  th o u s a n d s  o f  n e u ro n s  ( H u b e i ,  1 9 7 9 ) .
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A t  a s y n a p s e ,  t h e  r e la y  p o in t ,  t h e  a x o n  u s u a l ly  e n la r g e s  t o  f o r m  a  t e r m in a l  
b u t t o n ,  w h ic h  is  t h e  i n f o r m a t io n  d e l i v e r y  p a r t  o f  t h e  p r e s y n a p t ic  ju n c t io n .  T h is  
t e r m in a l  b u t t o n  o r  p r e s y n a p t ic  c e l l  o r  n e r v e  e n d in g  o r  s y n p a to s o m e ,  c o n t a in s  
s y n a p t ic  v e s s ic le s  w h ic h  a r e  s m o o th  o r  g r a n u la r  s p h e r i c a l  s t r u c t u r e s ,  e a c h  
h o ld in g  s e v e r a l  th o u s a n d  m o le c u le s  o f  c h e m ic a l  t r a n s m i t t e r  s u b s ta n c e ,  a n d
m i t o c h o n d r ia  t h a t  s u p p ly  t h e  r e q u i r e d  e n e r g y ,  a l l  s u r r o u n d e d  b y  a
s e m i - p e r m e a b le  m e m b r a n e ,  th e  p r e s y n a p t ic  m e m b r a n e .  T h e  p r e s y n a p t ic  
m e m b r a n e  is  s e p a r a te d  f r o m  t h e  m e m b r a n e  o f  t h e  r e c e p t o r  r e g io n ,  t h e  
p o s t s y n a p t i c  m e m b r a n e ,  o f  a n o t h e r  n e u r o n ,  p o s t s y n a p t ic  c e l l  o r  p o s t s y n a p t i c  
s y s te m  b y  a  g a p  c a l le d  t h e  s y n a p t ic  c l e f t .  C h e m ic a l  m e d ia t i o n  o f  n e r v e
t r a n s m is s io n  o c c u r s  a c r o s s  t h i s  g a p .
1 .3 .2  S y n a p t ic  C h e m ic a l  N e u r o t r a n s m is s io n
A  n u m b e r  o f  s u b s ta n c e s ,  a m in o  a c id s  a n d  a m in e s  f u n c t i o n  a s  c h e m ic a l  
n e u r o t r a n s m i t t e r s .  T h e  o n e  o f  m o s t  c o n c e r n  t o  us  in  t h i s  t h e s is  is
5 - h y d r o x y t r y p t a m in e  a n d  t h e  f o l l o w in g  d is c u s s io n  is  c o n c e r n e d  m a in ly  w i t h  t h i s .
T h e  c h e m ic a l  t r a n s m is s io n  a c r o s s  t h e  s y n a p s e  in v o lv e s  a  s e r ie s  o f  s te p s .  
B e f o r e  t h e  a c t u a l  t r a n s f o r m a t io n  o f  i n f o r m a t io n  ta k e s  p la c e ,  t h e
n e u r o t r a n s m i t t e r ,  in  t h is  c a s e ,  5 - h y d r o x y t r y p t a m in e ,  5 - H T  ( s e r o to n in )  is
s y n th e s is e d  f r o m  i t s  p r e c u r s o r  t r y p t o p h a n  ( F ig u r e  1 .2 ) .  T h e  n e u r o t r a n s m i t t e r  
m o le c u le s  a r e  t h e n  s to r e d  s e c u r e ly  in  t h e  s y n a p t ic  v e s s ic le s  a w a y  f r o m  t h e  
e n z y m e  m o n o a m in e  o x id a s e  lo c a t e d  in  t h e  m i t o c h o n d r io n .
T h e  e l e c t r i c  im p u ls e  ( t h e  a c t io n  p o t e n t i a l  o r  d e p o la r i s a t io n  w a v e ) ,
p r o p a g a te d  a c ro s s  t h e  a x o n ,  a n d  i n t e r m i t t e n t l y  r e g e n e r a t e d  o r  r e - i n f o r c e d  a t  t h e  
n o d e s  o f  R a n v ie r ,  t o  t h e  n e r v e  e n d in g s ,  r e s u l t s  in  a  c a l c iu m  io n - d e p e n d e n t  
r e le a s e  o f  th e  n e u r o t r a n s m i t t e r  m o le c u le s  f r o m  th e  v e s s ic le s  in t o  t h e  s y n a p s e  
th r o u g h  t h e  p r e s y n a p t ic  m e m b r a n e .
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T h e  l i b e r a t e d  n e u r o t r a n s m i t t e r  m o le c u le s  th e n  b in d  t o  s p e c i f i c  r e c e p t o r  
s i t e s  o n  t h e  p o s t s y n a p t ic  m e m b r a n e  o f  a r e c e iv in g  n e u r o n .  T h is  o p e r a t io n  u p s e ts  
th e  ' r e s t in g  p o t e n t i a l '  o f  t h e  r e c e iv in g  n e u r o n  b y  t r a n s d u c t io n  a n d  a c t io n  
p o t e n t i a l  is  i n i t i a t e d  o n c e  m o r e  a n d  p r o p a g a te d  d o w n  th e  n e u r o n .
T h e  a c t io n  o f  t h e  u n u s e d  r e le a s e d  n e u r o t r a n s m i t t e r  m o le c u le s  a t  t h e  
s y n a p s e  is  t e r m in a t e d  b y  r a p id  u p ta k e  i n t o  t h e  a x o n  t e r m in a l  ( p r e s y n a p t ic  
r e s o r p t io n )  o r  d e g r a d e d  b y  t h e  m o n o a m in e  o x id a s e  r e le a s e d  f r o m  t h e  
m i t o c h o n d r io n  in t o  i t s  m e t a b o l i t e s  ( 5 - h y d r o x y t r y p t o p h o l ,  5 - H T O L ,  a n d  
5 - h y d r o x y  in d o le  a c e t i c  a c id ,  5 - H I A A ) .
T h e  p r e s e n c e  o f  s o m e  o f  th e s e  r e le a s e d  n e u r o t r a n s m i t t e r  m o le c u le s  in  
a d d i t io n  a c t i v a t e  s o m e  p r e s y n a p t ic  r e c e p t o r s  o n  t h e  a x o n a l t e r m in a l  g i v in g  r is e  
t o  a  c h a in  o f  r e a c t io n s  in v o lv in g  c y c l i c  A M P  a n d  p r o t e in  k in a s e ,  c u lm in a t in g  in  
t h e  s y n th e s is  o f  n e w  n e u r o t r a n s m i t t e r  m o le c u le s .
T h u s  th e  m e c h a n is m  f o r  t r a n s f e r  o f  i n f o r m a t io n  in  t h e  s y n a p to s o m e s  
in v o lv e s  t h e  p r e c u r s o r  a m in o  a c id ,  t h e  n e u r o t r a n s m i t t e r ,  i t s  m e t a b o l i t e s  o n  
d e g r a d a t io n ,  a n d  t h e  e n z y m e  c h a t  p r o p a g a te  t h e  c h a in s  o f  r e a c t i o n s .  D i e t a r y  
in f lu e n c e  c a n  th u s  q f f e c t  t r a n s m is s io n  a t  t h e  s y n a p s e  a n d  c o n s e q u e n t ly  b r a in  
f u n c t i o n  (s e e  1 .5 .3 ) .
1 .3 .3  T h e  G l ia l  C e l ls
T h e  n o n - e x c i t a b l e  g l i a l  c e l ls ,  w h ic h  a r e  a b o u t  7  t o  8 t im e s  m o r e  n u m e r o u s  
t h a n  n e u r o n s ,  s u r r o u n d  a n d  n o u r is h  t h e  n e r v e  c e l ls  a n d  o c c u p y  e s s e n t ia l l y  a l l  t h e  
s p a c e  in  th e  b r a in  n o t  t a k e n  u p  b y  t h e  n e u r o n s .  T h e y  p r o v id e  s t r u c t u r a l  a n d  
m e t a b o l ic  s u p p o r t  f o r  t h e  d e l ic a t e  m e s h w o r k  o f  t h e  n e u r o n s  ( S te v e n s ,  1 9 7 9 ) .  
T h o u g h  th e s e  c e l ls  d o  n o t  p o s s e s s  th e  e x c i t a b le  p h e n o m e n o n  c h a r a c t e r i s t i c  o f  
n e u r o n s ,  t h e y  p o s s e s s  m u c h  s h o r t e r  a n d  h ig h ly  b r a n c h e d  p ro c e s s e s  p r o je c t e d  f r o m
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t h e i r  c e l l  b o d ie s .  T h r e e  m a in  t y p e s  o f  g l i a l  c e l l  a r e  r e c o g n iz a b le :  (1 )  t h e  
a s t r o c y t e s ,  o r  a s t r o g l i a ,  w h ic h  a r e  c o n c e r n e d  w i t h  s e le c t iv e  n u t r i t i o n  b y  c a r r y i n g  
n u t r i e n t s  b e tw e e n  th e  c a p i l l a r y  w a l ls  o f  t h e  b lo o d  s t r e a m  a n d  t h e  n e u r o n s  
( W u r tm a n  a n d  F e r n s t r o m ,  1 9 7 4 ) ;  (2 )  t h e  o l ig o d e n d r o c y t e s  o r  o l ig o d e n d r o g l ia ,
w h o s e  m e m b r a n e s  f o r m  a n d  m a in t a in  t h e  m y e l in  s h e a th  o f  t h e  a x o n  m a in ly  in  t h e  
c e n t r a l  n e r v o u s  s y s te m  (C N S )  ( D a v is o n  a n d  P e t e r s ,  1 9 7 0 ) ;  a n d  (3 )  t h e  u b iq u i t o u s  
S c h w a n n  c e l ls  w h ic h  a r e  p r e f e r e n t i a l l y  c o n c e r n e d  w i t h  m y e l in a t io n  o f  t h e  
p e r ip h e r a l  n e r v o u s  s y s te m  (P N S )  ( G r e e n ,  1 9 5 4 ) .  E a c h  o f  t h e  m y e l in a t in g  c e l ls  
w i t h  r o u n d e d  n u c le i  f o r m s  a  u n i t  o f  m y e l in  a lo n g  p a r t  o f  t h e  le n g t h  o f  t h e  n e r v e  
w i t h  m a n y  b e in g  r e q u i r e d  f o r  i t s  e n t i r e  le n g t h  ( B a c h e la r d ,  1 9 8 1 ) .  T h e  n o d e  o f  
R a n v ie r  is  th e  g a p  b e tw e e n  th e  e n d  o f  a n d  t h e  b e g in n in g  o f  t h e  n e x t  m y e l in  f r o m  
th e  g l i a l  c e l ls .  T h e  m y e l in  is  in v o lv e d  in  t h e  t r a n s p o r t  o f  t h e  w a v e  o f  e l e c t r i c a l  
im p u ls e  a lo n g  t h e  a x o n .  In  g e n e r a l ,  m y e l in a t e d  n e r v e  f ib r e s  c o n d u c t  n e r v e  
im p u ls e s  f a s t e r  t h a n  u n m y e l in a t e d  f ib r e s .  T h e  f o r m a t io n  a n d  m a t u r a t i o n  o f  
m y e l in  a n d  t h e r e f o r e  i t s  f u n c t i o n  c a n  b e  a f f e c t e d  b y  a v a i l a b i l i t y  o f  t h e  n e c e s s a r y  
n u t r i e n t s  r e q u i r e d  f o r  i t s  s y n th e s is .  T h e  g l i a l  c e l l s  a ls o  h a v e  b e e n  a s s o c ia te d  
w i t h  s y n p a t ic  c o n t r o l  o f  n e u r o t r a n s m i t t e r s  b y  e i t h e r  r e le a s in g  t h e m  t o  o r  
a b s o r b in g  t h e m  f r o m  th e  n e r v e  c e l ls  ( R o s e ,  1 9 6 8 ) .
1 .3 .4  M y e l in a t io n
A f t e r  t h e  w r a p p in g  o f  o l ig o d e n d r o g l ia  a r o u n d  th e  a x o n ,  f o r m in g  a  d o u b le  
m e m b r a n e ,  as  d e s c r ib e d  in  s e c t io n  1 .3 .3  a b o v e ,  t h e  c y t o p la s m ic  c o n t e n t s  o f  t h e  
g l i a l  c e l l s  a re  s q u e e z e d  o u t ,  le a v in g  t h e  r o u n d  n u c le i ,  t o  f o r m  c o m p a c t  m y e l in .  
T h is  p r o c e s s  s t a r t s  a f t e r  t h e  g l i a l  c e l l s  h a v e  s to p p e d  m u l t i p l y i n g  ( A l t m a n ,  1 9 6 9 ) .
A s  m y le in a t io n  d o e s  n o t  p r o c e e d  a t  t h e  s a m e  t im e  in  t h e  d i f f e r e n t  r e g io n s  
o f  t h e  b r a in ,  i t  is  d i f f i c u l t  t o  p in p o in t  a  t im e  l i m i t  f o r  t h e  w h o le  b r a in .  H o w e v e r ,  
t h e  b e g in n in g  o f  th e  p ro c e s s  c o u ld  b e  p r e -  o r  p o s t n a t a l  d e p e n d in g  o n  t h e  s p e c ie s .  
I t  is  a b o u t  t e r m  f o r  th e  g u in e a - p ig  a n d  p o s t n a t a l  f o r  t h e  r a t  (a s  f r o m  a b o u t
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1 0  -  12  d a y s  a f t e r  b i r t h ) .  In  t h e  h u m a n ,  i t  is  p e r in a t a l  f r o m  a b o u t  t h e  1 8 th  w e e k
o f  g e s t a t io n  w i t h  c o m p le t i o n  a t  a b o u t  1 8  m o n th s  a f t e r  b i r t h  ( F ig u r e  1 .3 ) .
M y e l in a t io n  c o n t in u e s  s lo w ly  o v e r  a  c o n s id e r a b le  p e r io d  in  a l l  s p e c ie s  a n d  
in  t h e  h u m a n  u n t i l  a b o u t  3 0  y e a r s  o f  a g e  ( Y a k o v le v  a n d  L e c o u r s ,  1 9 6 7 ) .  T h e  
p e r io d  o f  p e a k  m y e l in a t io n  in  e a c h  s p e c ie s  f o l l o w s  t h e  s ig m o id  g r o w t h  c u r v e  
p a t t e r n  s e e n  in  th e  c e l l  p r o l i f e r a t i o n  p r o c e s s ,  s h o w n  in  F ig u r e  1 .4 ,  a n d  t h u s  is  
e q u a l ly  p r o n e  t o  n u t r i t i o n a l  s t r e s s .
M a t u r e  m y e l in  s e p a r a te d  b y  d i f f e r e n t i a l  c e n t r i f u g a t i o n  u s in g  a  
d is c o n t in u o u s  s u c ro s e  g r a d ie n t  p r o c e d u r e  (s e e  C h a p te r  I I ) ,  c o n s is t s  o f  a b o u t  8 0 %  
l i p i d ,  a c c o u n t in g  f o r  a b o u t  5 0 %  o f  t o t a l  b r a in  l i p i d ,  a n d  2 0 %  p r o t e in .  T h e  2 0 %  
p r o t e in  is  c o m p r is e d  o f  a  b a s ic  p r o t e in  w i t h  a n t ig e n ic  p r o p e r t i e s  c a p a b le  o f  
p r o d u c in g ,  o n  i n je c t i n g  in t o  a n  a n im a l ,  a n  A u t o im m u n e  d is e a s e  ( A I D )  c a l le d  
E x p e r im e n t a l  A l l e r g i c  E n c e p h a l i t i s  ( E A E ) ,  a  g o o d  m o d e l  f o r  s t u d y in g  t h e  
d e m y e l in a t i n g  h u m a n  d is e a s e .  M u l t i p le  S c le r o s is  (M S )  ( E y la r ,  1 9 7 2 ) .
In  a d d i t i o n ,  m y e l in  p r o t e in  c o n t a in s  p r o t e o l i p i d  p r o t e in  a n d  a  h ig h  
m o le c u la r  w e ig h t  p r o t e in  ( W o l f g r a m  p r o t e in )  s o lu b le  in  a n  a c id
c h lo r o f o r m  : m e t h a n o l  m ix t u r e  ( N o r t o n  a n d  A u t i l i o ,  1 9 6 5 ) .
M a t u r e  m y e l in  a c c o u n ts  f o r  2 5 %  o f  th e  t o t a l  w e ig h t  o f  m a t u r e  b r a in  
(C h a s e ,  1 9 7 6 ) .
1 .3 .5  U s e  o f  ’C h e m ic a l  M a r k e r s ’
In  t h e  in v e s t ig a t io n  o f  th e  b r a in ,  c h e m ic a l  m a r k e r s  h a v e  b e e n  u s e d  t o
a s s e s s  t h e  d e v e lo p m e n t  o f  s t r u c t u r a l  c o m p o n e n ts .  D N A ,  w h ic h  is  c o n s t a n t  in  t h e
d ip lo id  b r a in  c e l ls ,  h a s  b e e n  u s e d  as  a m e a s u r e  o f  c e l l  n u m b e r  ( W in ic k  a n d
N o b le ,  1 9 6 5 )  w h i le  t h e  r a t i o  p r o t e in  : D N A  in d ic a t e s  t h e  c e l l  s iz e  ( W in ic k  a n d  
N o b le ,  1 9 6 5 ) .
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C h o le s t e r o l ,  o f  w h ic h  7 0 %  o f  t h e  t o t a l  in  t h e  b r a in  is  f o u n d  in  m y e l in ,  g iv e s  
a  ro u g h  in d e x  o f  m y e l in a t io n  ( D a v is o n  a n d  D o b b in g ,  1 9 6 6 ;  D o b b in g ,  1 9 7 1 ) ;  
c e r e b r o s id e s  g iv e  a b e t t e r  m e a s u r e  o f  m y e l in  ( C u z n e r  e t  a l . ,  1 9 6 5 )  s in c e  a  h ig h e r  
p r o p o r t i o n  (9 0 %  o f  t h e  t o t a l  in  t h e  b r a in )  a r e  p r e s e n t  in  t h e  s h e a th .  A  p r o p o r t i o n  
o f  th e s e  c e r e b r o s id e s  a r e  s u lp h a te d .
T h e  c e r e b r o s id e s ,  t o g e t h e r  w i t h  g a n g l io s id e s ,  c o n s t i t u t e  t h e  m a jo r  
g l y c o l i p id s  in  t h e  b r a in .  T h e  g a n g l io s id e s ,  in  c o n t r a s t  t o  t h e  c e r e b r o s id e s ,  a r e  
p r e d o m in a n t ly  f o u n d  in  t h e  g r e y  m a t t e r  ( W ie g a n d t ,  1 9 6 7 ; S v e n n e r h o lm ,  1 9 7 0 ) ,  t h e  
n e u r o n s  a n d  t h e i r  a s s o c ia te d  p r o c e s s e s .  A  v e r y  s m a l l  q u a n t i t y  ( 1 % )  o f  t h e  t o t a l  
c e r e b r u m  g a n g l io s id e s  o f  th e  r a t  b r a in  is  fo u n d  in  t h e  m y e l in  ( Y u s u f ,  1 9 7 6 ) .
T h e  g a n g l io s id e s  h a v e  a  c o m p le x  s t r u c t u r e  a n d  g e n e r a l l y  c o n t a in  
s p h in g o s in e  (a  c o n d e n s a t io n  p r o d u c t  o f  p a lm i t i c  a c id  a n d  s e r in e )  a n d  a  f a t t y  a c id ,  
w i t h  w h ic h ,  o n  c o n d e n s a t io n ,  i t  y ie ld s  c e r a m id e .  T h e  c e r a m id e  c o n d e n s e s  w i t h  
g a la c to s e  t o  g iv e  c e r e b r o s id e  a n d  t h e  a d d i t i o n  o f  s u lp h a te  c o n v e r t s  i t  t o  i t s  
s u lp h a t id e .  C e r e b r o s id e  c o m b in e s  w i t h  g lu c o s e ,  N - a c e t y lg a la c t o s e  a n d  s ia l i c  
a c id ,  N - a c e t y l  n e u r a m in ic  a c id  ( N e u N A C )  t o  f o r m  g a n g l io s id e .  T h u s  a l l  f o u r  
c o m p o u n d s ,  c e r a m id e ,  c e r e b r o s id e ,  c e r e b r o s id e - s u lp h a t id e  a n d  g a n g l io s id e s  a r e  
a l l  s p h in g o l ip id s .
A l t h o u g h  g a n g l io s id e s  h a v e  b e e n  f o u n d  in  a l l  t h e  c e l ls ,  s u b c e l lu la r  p a r t i c l e s  
a n d  f l u i d  c o m p a r t m e n t s  o f  t h e  b r a in ,  t h e  g r e a t e s t  b u lk  in  t h e  b r a in  a r e  
a s s o c ia te d  w i t h  t h e  p r o c e s s e s ,  a x o n  a n d  d e n d r i t e ,  (H e s s  e t  ^ . ,  1 9 7 6 )  a n d  t h e  
p e r ik a r y o n ,  t h e  c e l l  b o d y  ( S u z u k i ,  1 9 6 7 ;  L e d e e n ,  1 9 7 8 ) .  T h e  s y n a p t ic  p la s m a  
m e m b r a n e  o f  th e  s y n a p to s o m a l s u b c e l lu la r  f r a c t i o n  c o n t a in s  t h e  m a j o r i t y  o f  t h e  
n e u r o n a l  g a n g l io s id e s  ( L a p e t in a  e t  a l ,  1 9 6 8 ;  M o r g a n  a n d  W in i c k ,  1 9 8 0 a ;  
S v e n n e r h o lm ,  1 9 8 0 ) .
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T h e  m a jo r  g a n g l io s id e s  in  r a t  a n d  h u m a n  b r a in  h a v e  f o u r  m a in  s p e c ie s ,  t h e  
m o n o s ia lo g a n g l io s id e ,  G M l ,  t h e  m a jo r  g a n g l io s id e  o f  t h e  m a t u r e  m y e l in ;  t h e  
d is ia lo g a n g l io s id e s  G D la  a n d  G D lb  a n d  t r i s ia lo g a n g l i o s id e s  G T l
( D ic k e r s o n ,  1 9 8 1 ) .  T h e  d is ia lo g a n g l io s id e s  G D la  fo u n d  p r e p o n d e r a n t l y  in  t h e  
m ic r o s o m a l  s u b c e l lu la r  f r a c t i o n  o f  t h e  c e r e b r u m  s e r v e s  as  t h e  'c h e m ic a l  m a r k e r '  
f o r  d e n d r i t i c  a r b o r is a t io n  ( D ic k e r s o n  e t  a l . ,  1 9 8 2 ) .  D e v e lo p m e n t a l  s t u d ie s  in  t h e  
r a t  c e r e b r u m  s h o w s  t h a t  i t  in c r e a s e s  w i t h  a g e  a n d  f a r  b e y o n d  t h e  o t h e r s  ( M e r a t  
a n d  D ic k e r s o n ,  1 9 7 3 ;  Y u s u f  e t  ^ . ,  1 9 7 7 ) .  G D la  in c r e a s e  is  a n  e v id e n c e  o f  
d e n d r i t i c  a r b o r is a t io n  as  w e l l  as  n e u r o n a l  i n t e r c o n n e c t io n s  ( V a n ie r  e t  a l . ,  1 9 7 1 ;  
Y u s u f  e t  ^ . ,  1 9 7 7 ) .
1 .3 .6  V u l n e r a b i l i t y  o f  t h e  D e v e lo p in g  B r a in
T h e  p r e c e d in g  d is c u s s io n s  o f  t h e  g r o w t h  a n d  d e v e lo p m e n t  o f  t h e  b r a in  in  
t h e  d i f f e r e n t  b r a in  r e g io n s  a n d  a m o n g s t  t h e  d i f f e r e n t  t y p e s  o f  c e l l  a n d  s t r u c t u r a l  
c o m p o n e n ts  b a s e d  o n  t h e  u s e  o f  'm a r k e r  s u b s ta n c e s ' h a v e  s h o w n  t h a t  t h e  
d i f f e r e n t  e v e n ts  a r e  p r e c is e ly  t im e d .  A n y  f a c t o r ,  t h e r e f o r e ,  e n v i r o n m e n t a l  
( e x t r i n s i c )  o r  g e n e t i c  ( i n t r i n s i c )  t h a t  a f f e c t s  t h e  b r a in  d u r in g  t h e  p e r io d  o f  i t s  
a c t i v e  d e v e lo p m e n t a l  g r o w t h ,  w i l l  h a v e  a n  a d v e r s e  e f f e c t  o n  t h i s  o r g a n .  T h is  
a d v e r s e  e f f e c t  m a y  b e  t e m p o r a r y  o r  p e r m a n e n t ,  d e p e n d in g  o n  t h e  n e a r n e s s  o f  t h e  
a s s a u l t  t o  t h e  t im in g  o f  t h e  g r o w t h  s p u r t .
T h is  o b s e r v a t io n  le d  D a v is o n  a n d  D o b b in g  (1 9 6 6 ,  1 9 6 8 )  t o  p r o p o u n d  a  
h y p o th e s is  o f  v u l n e r a b i l i t y  o f  t h e  b r a in .  I t  s t a t e s  t h a t ,  " I f  a  d e v e lo p m e n t a l  
p r o c e s s  b e  r e s t r i c t e d  b y  a n y  a g e n c y  a t  t h e  t im e  o f  i t s  f a s t e s t  ( g r o w t h )  r a t e ,  n o t  
o n ly  w i l l  t h is  d e la y  t h e  p r o c e s s ,  b u t  i t  w i l l  a ls o  r e s t r i c t  i t s  u l t i m a t e  e x t e n t ,  e v e n  
w h e n  t h e  r e s t r i c t i n g  in f lu e n c e  is  r e m o v e d  a n d  t h e  f u l l e s t  p o s s ib le  r e h a b i l i t a t i o n  
o b t a in e d . "
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T h is  h y p o th e s is  h a s  le d  t o  c o n s id e r a b le  in v e s t ig a t io n  o f  th e  r e a c t i o n  o f  t h e
b r a in  t o  d i f f e r e n t  m a n ip u la t io n s  o f  u n d e r n u t r i t i o n  a t  d i f f e r e n t  t im e s  o f  t h e  l i f e  
o f  l a b o r a t o r y  a n im a ls ,  p r i n c ip a l l y  t h e  r a t .
1 .4  B R A I N  G R O W T H  A N D  D E V E L O P M E N T
1 .4 .1  S p e c ie s  D i f f e r e n c e s
( i )  G r o w t h  S p u r t
T h e  t r a d i t i o n a l  m e a s u r e m e n t  o f  g r o w t h  as  c h a n g e  in  w e ig h t  o f  t h e  b o d y  a n d  
i t s  o rg a n s  w i t h  t im e ,  s h o w s  a  s ig m o id  g r o w t h  c u r v e  p a t t e r n  ( M e d a w a r ,  1 9 4 5 ) .  
T h e  g r o w in g  b r a in  o f  a l l  m a m m a l ia n  s p e c ie s  f o l l o w s  t h is  s ig m o id  p a t t e r n  
( D a v is o n  a n d  D o b b in g ,  1 9 6 8 ) .  D o n a ld s o n  (1 9 0 8 )  s u g g e s te d  t h a t  t h e  t im e  c o u r s e  o f  
b r a in  g r o w t h  in  d i f f e r e n t  s p e c ie s  o f  m a m m a ls  c o u ld  b e  c o r r e la t e d  w i t h  t h a t  in  
m a n  i f  d i f f e r e n c e s  in  l i f e  s p a n  w e r e  t a k e n  in t o  a c c o u n t .
T h e  p e r io d  o f  r a p id  d e v e lo p m e n t  o r  m a x im a l  g r o w t h  o f  t h e  b r a in  d e p ic te d  
in  t h e  s ig m o id  g r o w t h  c u r v e  a n d  k n o w n  as t h e  ’G r o w t h  S p u r t ’ , v a r ie s  in  i t s  t im in g  
w i t h  r e s p e c t  t o  b i r t h  in  d i f f e r e n t  s p e c ie s  ( D a v is o n  a n d  D o b b in g ,  1 9 6 6 ) .  W h e n  t h e  
g r o w t h  s p u r t  is  r e la t e d  t o  b i r t h  ( F ig u r e  1 .4 ) ,  s o m e  s p e c ie s  h a v e  t h e i r  m a x im u m  
b r a in  g r o w t h  b e f o r e  b i r t h  ( g u in e a - p ig ,  rh e s u s  m o n k e y  a n d  s h e e p ) ,  s o m e  a f t e r  
b i r t h  ( r a t ,  m o u s e  a n d  r a b b i t ) ,  a n d  o t h e r s  a t  a b o u t  t h e  t im e  o f  n o r m a l  b i r t h  
( h u m a n ) . .
( i i )  C e l lu la r  G r o w t h
T h e  g r o w t h  o f  th e  b r a in ,  l i k e  m a n y  o t h e r  o r g a n s ,  o c c u r s  e i t h e r  b y  in c r e a s e  
in  t h e  n u m b e r  o f  c e l ls  -  h y p e r p la s ia ,  o r  in c r e a s e  in  t h e  s iz e  o f  t h e  
c e l ls  -  h y p e r t r o p h y ;  a  c o m b in a t io n  o f  b o th  o r  s im u l t a n e o u s  o c c u r r e n c e  o f  b o t h  
th e s e  p ro c e s s e s  c a n  a ls o  t a k e  p la c e .  W i t h  t h e  e x c e p t io n  o f  a  f e w  o f  t h e  
t e t r a p l o i d  p u r k in je  c e l ls  fo u n d  in  t h e  c e r e b e l lu m  a n d  c e r e b r u m  w i t h  v a r y in g  
a m o u n ts  o f  d e o x y r ib o n u c le ic  a c id  ( D N A )  p e r  n u c le u s ,  a l l  t h e  o t h e r  b r a in  c e l ls  a r e  
d ip lo id  a n d  c o n t a in  a  c o n s t a n t  a m o u n t  o f  D N A  p e r  n u c le u s  ( L a p h a m ,  1 9 6 8 ;  M a n n  
a n d  Y a t e s ,  1 9 7 3 ) .
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From  measurements o f the DN A con ten t o f the developing human bra in  i t  
has been suggested th a t neuronal m u lt ip lic a tio n  occurs during the f i r s t  15 weeks 
or so o f gestation and th a t th is is fo llow ed  by g lia l m u lt ip lic a tio n  (Dobbing, 1971; 
Dobbing and Sands, 1973) (F igure 1.3).
W in ick (1976) suggested th a t the grow th  o f any organ o f any species can be 
d iv ided in to  three phases; a period o f rap id  ce ll p ro life ra tio n  w ith  l i t t le  or no 
change in ce ll size, hyperplasia; a period during which ce ll p ro life ra t io n  slowed 
down but ce ll en largem ent also occurred, hyperplasia and hypertrophy; and a 
period during which ce ll en largem ent only occurred, hypertrophy. A t  m a tu r ity , 
p ro te in  synthesis is* equal to  p ro te in  degradation and there  is no increase in 
e ithe r ce ll number or size.
This very neat and ra the r s im p lis tic  view  o f youth had been suggested by,
and indeed form ed the basis o f an explanation o f, the resu lts  o f studies o f the
e ffe c ts  o f the tim in g  o f unde rnu trition  on bra in grow th  in the ra t (W in ick and
Noble, 1965). Sands e t W. (1979) have c r it ic is e d  W inick's suggestions fo r  no t only
did they find  th a t rapid ce ll p ro life ra tio n  commenced much e a r lie r than W in ick
proposed, but i t  also reached a constant leve l much qu icker. They also observed
th a t ce ll m u lt ip lic a tio n  continues unabated throughout tissue g row th  u n til g row th  
a c tu a lly  stops.
I t  is believed th a t the period o f ac tive  ce ll p ro life ra tio n  is under genetic  
co n tro l, and th is  period varies from  species to  species. There is also evidence o f 
species d iffe rences in the m a tu ra tion  o f the bra in a t b ir th  (Dobbing and 
Sands, 1973; Cheek, 1975).
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1.4.2 S truc tu ra l D iffe rences
(i) C e llu la r G row th
(a) General
The study o f the s tru c tu ra l d iffe rences in the heterogenous bra in tissue o f 
the same species exh ib itin g  d if fe re n t ra tes and tim ings o f the g row th  spurt, has 
been extended to ana tom ica l studies o f the main regions o f the ra t bra in  such as 
the fo reb ra in , cerebe llum  and bra instem  (Fish and W in ick, 1968; Davison and 
Dobbing, 1968; Dobbing and Sands, 1973; M era t and D ickerson, 1973). F igure 1.5 
shows th a t the slow but steady c e ll d iv is ion or D N A synthesis in the ra t cerebrum  
is usually over by 21 postnata l day (W inick and Noble, 1965; Fish and 
W in ick, 1969; W in ick; 1976) during w hich tim e  the brain has a tta ined  about 75% 
o f its  m ature w e ight (Dobbing and Sands, 1971), out o f which the cerebrum  has 
con tribu teu  50% o f ne to ta l bra in w e igh t (W inick, 1970). F u rth e r ce rebra l 
g row th  is by hypertrophy w ith  its  to ta l p ro te in  being achieved a t 65 days and 
to ta l bra in con ten t a t 99 days o f age (Fish and W in ick, 1969).
In con tras t, in the cerebe llum , the very rap id  DNA synthesis v ir tu a lly  stops 
a t 17 days postna ta lly  w ith  adu lt ce ll numbers appearing by 21 days o f l i fe  
(W inick, 1970; D ickerson and M cA n u lty , 1972; W in ick, 1976). A t about 21 days, 
the cerebellum  weighs about 15% o f the to ta l brain w e igh t and conta ins about 
50% o f the DN A in the whole bra in, showing th a t the b ra in ’s c e llu la r ity  is heav ily  
w eighted to  the cerebe llum  (Fish and W inick, 1969). A fu r th e r increase in 
ce rebe lla r DN A synthesis is also observed between 52 and 140 days o f age 
(D ickerson e t ^ . ,  1972).
By about the 14th day o f age, the ce ll number in the bra instem  has reached 
its  adu lt value (W inick, 1976), and by the 21st day, the bra instem  accounts fo r  
30% o f the to ta l bra in w e ight (Fish and W inick, 1969).
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A sm all increase is D N A in noticed between the 14th and the 17th day o f 
postnata l life  in the hippocampus due to neuronal m ig ra tio n . Despite  th is 
neuronal m ig ra tion , the hippocampus ce ll numbers are also known to  increase by
the ch a ra c te ris tic  neuronal d iv is ion  th a t takes place w ith in  i t  (A ltm a n , 1966; 
A ltm a n  and Das, 1966).
W ith  respect to o ther species o f anim als, D ickerson and Dobbing (1966 and 
1967a) found th a t the most rapid ce ll p ro life ra tio n  in the pig was around b ir th , 
w h ile  fo r  the gu inea-p ig  (Dobbing and Sands, 1970) and monkey (Cheek, 1975) 
th is  period was found to be before b ir th . The com ple tion  o f ce ll p ro life ra tio n  
postna ta lly  has been 'dem onstrated in the d iffe re n t brain regions o f the m in ia tu re  
swine (Badger and Tumbleson, 1975), the ra b b it (H are l e t ^ . ,  1972) and the 
human (Dobbing and Sands, 1973; W inick, 1976). These periods o f m ost rap id  ce ll 
p ro life ra tio n  co incide w ith  the species grow th  spurts shown in F igure 1.4.
A lthough the amount o f D N A was used as a measure o f the to ta l num ber o f 
ce lls , th is  param ete r o f g row th does not d istinguish between the d if fe re n t types 
o f ce ll in the bra in , fo r  exam ple, the neurons and the g lia l ce lls .
(b) M u lt ip lic a tio n  o f D iffe re n t Types o f C e lls
The nerve ce lls , quite  unlike most o ther types o f ce ll in the body, do not 
reproduce them selves by d iv id ing  a fte r  the em bryonic nervous system is 
com ple te ; th a t is, they d ivide ’o n ce -a n d -fo r a ll'. The only excep tion  to  the 
above is during ce ll repa ir and regenera tion  when the ce ll is re a c ting  to  in ju ry  or 
damage (Adrian  and W alker, 1962; New S c ien tis t, 25 February, 1982).
As d iffe rences ex is t w ith  respect to  tim e  and ra te  o f g row th  o f d if fe re n t 
parts o f the bra in, so also there are d iffe rences in the tim in g  o f m u lt ip lic a t io n  o f 
various ce ll types in a p a rticu la r bra in reg ion. I t  has been established th a t
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phases o f rap id  ce ll p ro life ra tio n  in both neurons and g lia l ce lls  in d if fe re n t b ra in  
regions are at d iffe re n t tim es (W inick, 1970; Dobbing and Sands, 1970b, 1973) and 
th a t, th a t o f the neurons precedes th a t o f the g lia l ce lls (Dobbing, 1971; Dobbing 
and Sands, 1973; Dobbing, 1981) (see F igure 1.3).
1.5 EFFECT OF PEM ON BR AIN  GROWTH AN D  DEVELOPMENT
1.5.1 C e llu la r G row th
(i) In tra -u te r in e  U n d e rn u tritio n
In tra -u te r in e  g row th  re ta rda tio n  (lU G R ) is a sign o f fo e ta l m a ln u tr it io n . 
Both p lacen ta l in su ffic ie n cy  and lU G R  give rise to  's m a ll- fo r  dates’ (SFD) or 
’s m a ll- fo r  gesta tiona l age’ (SGA) babies. The D NA content o f the SFD bra in  is 
s ig n ific a n tly  reduced w ith  the cerebellum  being a ffe c te d  m ost severe ly (Chase e t 
a l., 1972; Sarma and Rao, 1974).
Loss o f g lia l ce lls , which are the ce lls  p r im a rily  a ffe c te d  in the ce rebe llum , 
is thought not to  be as d e tr im e n ta l to  func tion  as loss o f neurons., nor would the 
loss o f ce lls  fro m  the cerebellum  be as d e tr im e n ta l to  fun c tio n  as loss in the 
cerebrum  (Chase, 1976).
In the ra t,  in tra -u te r in e  u nde rnu trition  secondary to  a m a te rna l low  p ro te in  
d ie t in take  resu lts  in reduced bra in D N A (Zeman and Stanbrough, 1969; 
D ickerson and M cA n u lty , 1972). In pregnant ra ts , g iv ing a low  ca lo rie  d ie t or 
re s tr ic t in g  the in take  o f a norm al low  d ie t (D ickerson and Jarv is , 1970; 
D ickerson and Hughes, 1972; D ickerson and M cA n u lty , 1972) resu lts  in a low er 
am ount o f D N A  in the brain o f the pups. Dobbing (1981) has suggested th a t 
neuroblast re p lica tio n  is reduced during the las t o n e -th ird  o f pregnancy o f an 
undernourished ra t.
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(ii) Postnatal M alnutrition
W inick and Rosso (1969) found very h igh ly depressed ce ll re p lica tio n , DN A 
and R N A, in the brains o f m alnourished Chilean SFD in fan ts  when they died 
between the ages o f 2 weeks and 6 months. A fo llo w -u p  study showed th a t the 
D N A  d e f ic it  was o f the same p a tte rn  in the three  bra in regions, cerebrum , 
cerebe llum  and bra instem  (W inick e t a l., 1970).
The e ffe c t o f PEM on in fan ts  between 1 - 2  years who had a norm al b ir th  
and were b re as t-fe d  before the episode (as is found in some places in N ige ria  
where PEM is p reva len t) showed a less severe ce llu la r d e f ic i t  w h ich was no t 
s ta tis t ic a lly  s ig n ifican t from  age -m atched contro ls  in the cerebrum  and 
bra instem  (Chase e t a l., 1974). PEM preceded by b reas t-feed ing  was thus shown 
to  be responsible fo r the d iffe rence  in W in ick ’s and Chase’s group (Chase, 1976) 
thus emphasising here again the im portance o f b reast-feed ing .
Com paring W in ick ’s data fo r  whole brain on a brain w e igh t basis, D ickerson 
(1975) found th a t the d iffe rences disappeared. Subsequent studies (D ickerson, 
1981; D ickerson e t a l., 1982) con firm ed  th a t PEM does not have a sp e c ific  e ffe c t  
on ce ll re p lica tio n  and th a t ce ll number is appropria te  fo r the bra in w e igh t.
Though there are some ind ica tions th a t some cerebra l regions have fe w e r 
neurons in the ra t (Dobbing e t a l., 1971) most o f the ce ll reduction  arises fro m  
g lia l ce lls  (Dobbing and Sm art, 1974). D ickerson e t a l. (1967) also found the 
same trend  in the pig brain even a fte r  re h a b ilita tio n .
C e ll number or to ta l brain D NA is not reduced in the postweaning ra t  b ra in  
(Dobbing and Widdowson, 1965; W inick and Noble, 1966b; D ickerson and 
W almsley, 1967) when m ild ly  undernourished, but severe d ie ta ry  re s tr ic t io n
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reduces ra t bra in (D ickerson e t a l., 1972) and pig bra in  D N A (D ickerson et 
a l., 1967). S im ila r e ffe c ts  have been reported  in the monkey (K e rr e t a l., 1973).
1*5.2 M ye lina tion
(i) In tra -u te r in e  U nd ern u tritio n  and M ye lin  Form ation
Because the bulk o f bra in lip ids is in m ye lin , any changes in lip id  during 
developm ent w il l la rge ly  re f le c t changes in m ye lin . Chase e t al (1972) found 
reduced bra in cho les te ro l, gangliosides and cerebrosides-su lphatides in a year old 
in fa n t who died o f m a ln u tr it io n . He also found reduced (50%) cerebroside 
sulphatide in one o f the SFD babies' ce reb rum -bra ins tem . In Ind ia , galactose 
cerebroside was low er in the m edulla oblongata and cerebrum  o f SFD babies 
investiga ted  (Sarma and Rao, 1974).
M inor re s tr ic t io n  a t a very vulnerable stage during the in tra -u te r in e  l i fe  o f 
the human, could perm anently  a ffe c t m ye lina tion . A lthough rap id  m ye lina tion  
continues u n til about the 4th postnata l year, the human fo e ta l vu lnerab le  g row th  
period is between the 7th m onth o f gesta tion  to  about 18 months postnata l 
(Dobbing and Sm art, 1973) (see F igure 1.3).
M ye lina tion  thus a ffe c ts  SFD babies, especia lly o f the developing countries 
(Brown, 1966; W igglesworth, 1966) and the prem ature  babies. The la t te r  is much 
more a ffe c ted  than the fo rm e r because o f the absence o f in tra -u te r in e  p re -b ir th  
p ro te c tio n .
In the undernourished new -born ra t and in p ig le ts undernourished fro m  2 
weeks o f age, d e fic its  in to ta l brain cho leste ro l were observed (Dobbing, 1964; 
D ickerson e t ^ . ,  1971 respective ly ). These find ings ind ica te  d e fe c tive  or 
delayed m ye lina tion .
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( ii)  Postnata l M a ln u tr it io n
M a ln u tr it io n  during la c ta tio n  has been shown to  in te rfe re  w ith  lip id  
synthesis (Davison and Dobbing, 1966, 1968); the to ta l b ra in  cho les te ro l, to ta l 
cho leste ro l concen tra tion  and to ta l phospholipids were reduced in the pig 
(D ickerson e t a l., 1967).
R e h ab ilita tin g  ra ts  th a t have been severely malnourished by feeding a low  
p ro te in  (5% casein) d ie t a fte r  weaning did not re c t ify  the cho les te ro l d e fic ien cy  
in the fo reb ra in  and bra instem  (D ickerson e t a l., 1972). S im ila r conclusions were 
reached by Wiggins and F u lle r (1979) using a double isotope technique in 
pos tna ta lly  undernourished ra ts .
Results fro m  investiga tion  o f the human malnourished brains (ch ild ren ) 
have shown th a t they conta in  l i t t le  m ye lin  fo r th e ir  age based on 
cerebroside-su lphatide  (Chase e t a l., 1974) and cho leste ro l (Rosso e t a l., 1970) 
and bra in lip ids (Fishman e t a l., 1969). D ickerson e t a l. (1982) suggested th a t 
reduced m ye lina tion  in malnourished ch ildren 's brains must be as a re su lt o f 
chron ic u nd e rn u trition . U n d e rn u tritio n  not only reduces the ra te  o f m ye lina tion  
but also re ta rds the m a tu ra tion  o f m ye lin .
( i i i)  M ye lin  M a tu ra tion  and M a ln u tr it io n
From  studies o f m yelin  prote ins, Wiggins e t (1976) dem onstra ted 
depressed m yelin  m a tu ra tion  in the ch ro n ica lly  undernourished ra t.  S im ila r 
conclusions were reached by Yusuf and D ickerson (1979) fro m  studies o f m ye lin  
gangliosides.
The presence o f abnorm al amounts o f cho leste ro l esters in the brains o f the 
malnourished ch ild ren  (Yusuf, 1976) and m ice  (Yusuf and M o za ffa r, 1979) is 
suggestive o f im m ature  m yelin .
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Synaptic Development and M alnu trition
Im p a ir ,.e n t of d en d ritic  a rborisa tion  of the co rtex  and the decreased 
nunnber o f synapses were observed in starved young ra ts (Eayrs and Horn, 1955).
D e n d ritic  a rborisa tion  was also reduced, by in ference fro m  reduced gangliosides
in the th ree  m a jo r regions o f the brain o f ra ts  fed a low (7%) p ro te in  d ie t (M era t 
and D ickerson, 1974).
H is to lo g ica l studies o f synaptic developm ent also showed m arked reduction
in the postna ta lly  undernourished ra t b ra in  (Bass e t a l., 1970; C r a g g ,  1972; Salas
e t a l., 1974). A continued re s tr ic t io n  o f d ie ta ry  in take (50%) over a long period
especia lly pos tna ta lly  (121 days) m arkedly decreased the gangliosides in each o f
the three bra in  regions and especia lly in the ce rebe llum  (Y usuf and 
D ickerson, 1978).
A substantia l reduction  o f d en d ritic  a rborisa tion  was observed by
M cC onnell and B erry  (1981) w ork ing  on the d en d ritic  ne tw ork  o f the P urk in je
C ells. They found th a t i t  is not only th a t the numbers o f dendrites th a t were 
redu id but also th e ir length.
Undernourished rats in the ir f irs t 30 days postnatal l i fe  have about
30 -  37% d e f ic it  in th e ir  synapses-to-neuron ra tios  (Thomas e t W., 1979, 1980),
d e f ic it  la rge ly  i f  not com p le te ly  disappearing on leng thy  (160 days)
re h a b ilita tio n  especia lly  in both the fro n ta l co rtex  and ce rebe lla r g ranu la r laye r 
(Bedi e t a l., 1980a,b).
Warren and Bedi (1982) found a 13% d e f ic it  o f synapses-to-neuron ra t io  in
the Visual cortex of adult rats malnourished from about birth (18th day of
gesta tion) to  100 days o f age. On re h a b ilita tio n , the d e f ic it  not only disappeared
but the Visual cortex had 23% higher ratio o f synapses-to-neuron than their 
age-m atched contro ls .
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The results o f these experim en ta l studies are in agreem ent w ith  
measurements made on the brains o f Jam aican ch ild ren who died o f m a ln u tr it io n  
(M era t, 1971; Dickerson e t a l., 1982). F ra c tio na tio n  o f the gangliosides showed 
th a t the d e f ic it  in the fo reb ra in  was accounted fo r by a reduced am ount o f the
disia l o-ganglioside G D la  (D ickerson, 1980).
Dickerson (1975) suggested th a t the e ffe c t o f m a ln u tr it io n  on d e n d ritic  
a rborisa tion  was g rea te r than the e ffe c t on brain w e igh t fo r the amounts o f 
G D la  were too sm all fo r  the w e igh t o f the forebra ins (D ickerson, 1975). I t  was 
speculated (D ickerson, 1975) th a t re ta rda tio n  o f d en d ritic  g row th  m ig h t a ffe c t 
the transm ission o f in fo rm a tion  throughout the brain (D ickerson e t a l, 1982).
1*6 ROLE OF MONOAMINES IN NEUROTRANSMISSION
It is not only the s tru c tu ra l constituen ts  th a t change during b ra in  grow th  
and developm ent. The fun c tio na l constituen ts  necessary fo r  the  op tim a l 
perfo rm ance o f the brain also change. The one which is m ost re le va n t to  th is  
discussion and to  the investiga tions described la te r in th is  thesis is the 
m etabolism  o f the neu ro transm itte rs , and especia lly  se ro ton in  
(5 -h yd roxy tryp ta m in e , 5-HT), th a t regu la te  signal transm ission, as they dep ic t 
the fun c tio n a l a c t iv ity  o fthe  bra in.
Just as neurogenesis, synaptogenesis and myelinogenesis evolve during the 
developm ent o f the ce n tra l nervous system , so also is the rap id  increase o f th e ir  
fun c tio n a l components and the enzyme, monoamine oxidase, M AO , th a t is 
in tim a te ly  connected w ith  the m etabolism  o f the n e u ro tra nsm itte rs  
(R ockste in, 1973). By 30 days, these fun c tio na l components have ra p id ly  
increased and leve lled  o ff ,  in the developing ra t brain.
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In section 1.3.2. and F igure 1.2, the chem ica l neu ro transm itte rs  across the 
synapse was discussed. The process o f synaptic transm ission involves (a) the 
a v a ila b ility  o f the precursor nu trien ts , (b) the synthesis o f the neu ro transm itte rs , 
in th is case monoamines, (c) the storage, release, and re -up take  o f the b iogenic
amines, (d) degradation o f the unused released monoamines and (e) the transpo rt 
o f the monoamines across the synapse.
1*6.1 Am ino Acids and N eu ro transm itte rs
A m ino acids are taken up genera lly  by means o f ra te - l im it in g ,  
ca rrie r-m e d ia te d  transpo rt mechanism (Padridge, 1977). They' are also severa lly  
trans fe rred  across the placenta (Dancis and Shafran, 1958) by ac tive  tra nsp o rt. 
The a v a ila b ility  o f these am ino acids to  the bra in fo r u ti l iz a t io n  is through the 
blood stream  and thus may be a ffe c te d  by d ie ta ry  m an ipu la tion  or in take  and 
fa u lty  transpo rt mechanism.
The phenomenon o f the b lo o d -b ra in -b a rr ie r (BBB) explains the brain 's 
s e le c tiv ity  to  n u tr ie n t en try  in to  i t  and astrocytes surrounding the blood vessels 
may' be involved (Davison, 1965). O ldendorf (1971), found th a t the essentia l 
amino acids are taken up in to  the brain much more than the non-essentia l am ino 
acids.
Regional s e le c tiv ity  has shown th a t some o f the brain regions con ta in  more 
o f some p a rtic u la r free  amino acids than others (Robinson and W illiam s, 1965; 
Shaw and Heine, 1965); ce llu la r pre ference fo r  some amino acids has also been 
dem onstrated (Dobbing, 1968). In add ition  to  the above, there  are sp ec ific  areas 
like  the nerve-endings, in which there is enhanced take -up  o f p a rtic u la r am ino 
acids used fo r m aking the neu ro transm itte rs .
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The amino acids th a t have been linked  w ith  neurotransm ission are 
c lass ified , pure ly on a neurophysio log ica l basis, as e x c ita to ry  or depo la riz ing  
e.g. g lu ta m ic  acid and in h ib ito ry  or hyperpo lariz ing  e.g. GABA (Cooper e t 
a l., 1982).
The amino acids th a t are precursors to  monoamines are d ie ta ry-dependen t 
and these are tryp tophan , phenyla lan ine /tyros ine  and h is tid ine . Choline, w h ich  is 
also a precursor n u tr ie n t, is required in the d ie t fo r  the synthesis o f the 
n eu ro tra n sm itte r ace ty lcho line  (Cohen and W urtm an, 1976). The o the r 
neu ro transm itte rs  are 5 -h yd roxy tryp tam in e , 5 -H T  or serotonin fro m  tryp tophan  
(Fernstrom  and W urtm an, 1971), dopamine (DA) and norepinephrine (NE) 
(noradrenaline) fro m  tyrosine (Gibson and W urtm an, 1978) and h istam ine fro m  
h is tid ine  (Enwonwu and W orth ington, 1974). Also g lyc ine , a p u ta tive  
n e u ro tra nsm itte r (Maher and W urtm an, 1980) is a ffe c ted  by d ie ta ry  precursor 
threonine a v a ila b ility .
1*6.2 Precursor C o n tro l o f Serotonin Synthesis
The ro le  o f precursor a v a ila b ility  in the co n tro l o f monoamine biosynthesis 
in the brain has been extensive ly reviewed by Fernstrom  (1983).
The concen tra tion  o f the precursor o f seroton in , tryp tophan , in the plasma 
is a ffe c te d  by the am ount o f p ro te in  in the d ie t (Fernstrom  e t a l., 1979) and low  
plasma leve ls o f tryp tophan have been reported  in ch ild ren w ith  PEM (D ickerson 
e t a l., 1982) and in ra ts fed a low  p ro te in  d ie t (Pao and D ickerson, 1975; 
W urtm an and Fernstrom , 1976; Ashley and Curzon, 1981).
However, the passage o f tryp tophan in to  the bra in is also in fluenced by the 
plasma concentra tions o f large neu tra l am ino acids (LN A A ) which com pete w ith  
tryp tophan fo r the same transpo rt system (Padridge, 1977; Fernstrom  and
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P a lie r, 1978). The plasma concentra tions o f the L N A A  are in tu rn  a ffe c te d  by
th e ir  uptake fro m  the plasma in to  tissues other than bra in  and thus by p ro te in  
synthesis.
Insulin  con tro ls  p ro te in  synthesis in ske le ta l muscle and feed ing a high 
carbohydra te  d ie t to  adu lt ra ts  has been shown to  cause the m ovem ent o f L N A A  
out o f the c ircu la tio n  w h ils t having l i t t le  e ffe c t on tryp tophan  (M unro, 1970; 
Fernstrom  and W urtm an, 1971c, 1972a; Fernstrom , 1979). Thus, feeding 
carbohydra te  w ith  consequent increase in insulin  secre tion  causes a rise in the 
ra tio  o f the concentra tions o f tryp tophan  to  the sum o f the concen tra tions o f the 
com peting L N A A  (tyros ine , phenylalanine, leucine, iso leucine and va line) 
(Fernstrom  and F a lle r, 1978). The above process favours the tra nsp o rt o f 
tryp tophan in to  the bra in  and subsequent increased synthesis o f serotonin 
(Fernstrom  e t a l., 1979).
Experim ents in ra ts fed a low  p ro te in  d ie t (D ickerson and Pao, 1975) have 
also dem onstrated th a t exogenous insulin  increases tryp tophan  tra n sp o rt in to  the 
bra in . These in te rre la tionsh ips  are summarised in F igure 1.6.
1.6.3 E ffe c ts  o f PEM on N e u ro tran sm itte r Serotonin
F rom  the preceding discussion, i t  would seem reasonable to  suggest th a t 
tra n s fe r o f impulses between sero tonerg ic neurons is lik e ly  to  be a ffe c te d  by the 
degree o f s tru c tu ra l in te r-connec tions , th a t is by dendrite  a rborisa tion  and by 
serotonin biosynthesis in the p re -synap tic  nerve endings.
There is evidence (see 1.5.3) th a t d e n d ritic  grow th  is im pa ired  in ch ild ren  
w ith  PEM. However, in fo rm a tion  about the e ffe c ts  o f PEM on sero ton in  
synthesis must be obtained in d ire c tly  because o f the in access ib ility  o f the human 
bra in  fo r chem ical investiga tions.
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There is some evidence th a t seroton in  biosynthesis s im ila r to  th a t 
occurring  in the bra in  also occurs in the blood p la te le t (P le tscher, 1968, 1978; 
Sneddon, 1973; Stahl, 1977; Stahl and M e ltze r, 1978) and p la te le ts  have in p a rt 
been used to  study the e ffe c ts  o f psychotroph ic drugs on tryp tophan and 
seroton in  uptake (Tuom isto and Tukia inen, 1976; Stahl e t a l., 1982; 
L ing jaerde, 1984) and serotonin synthesis in the a ffe c t iv e  disorders (Joseph e t 
a l., 1977; W irz -Ju s tice  and Puhringer, 1978a, b; Stahl e t a l., 1982).
USE OF THE BLOOD PLATELETS AS A MODEL FOR THE SYNAPTOSOMES
Table 1.1 shows some o f the several p roperties  blood p la te le ts  share w ith  
p re -synap tic  nerve endings o f CNS serotonin conta in ing  neurons.
The s im ila r it ie s  in the b iochem ica l, k in e tic  and pharm aco log ica l p roperties 
o f seroton in  uptake, storage and release between the blood p la te le ts , conta in ing  
no ce ll nucleus and the nucleated CNS se ro ton in -con ta in ing  neurons, have been 
review ed by P le tscher (1968, 1978), Sneddon (1973) and Stahl (1977).
In add ition , blood p la te le ts  have been shown to  conta in  a n eu ron -spec ific  
enolase (Marangos e t a l., 1980) thus p rovid ing  more evidence o f s im ila r it ie s  
between both tissues. The loca tion  o f ^H -im ip ra m in e  binding sites on both blood 
p la te le ts  membranes and brain se ro ton in -con ta in ing  n e rve -te rm ina ls  (B rile y  e t 
a l., 1979; Paul e t a l., 1981) has fu r th e r strengthened the v a lid ity  fo r  the use o f 
p la te le ts  as a model fo r  synaptosomes.
On the basis o f the above find ings, the blood p la te le ts  have been proposed 
and conven iently  used as a model fo r  the synaptosomes, the convenient 
assumption being th a t the in fo rm a tion  obtained fro m  the use o f blood p la te le ts  in 
various investiga tions would be a re fle c tio n  o f neuronal serotonin transm ission a t 
the synapse both in physiolog ica l and non-physio log ica l conditions.
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Table l . l .  Comparison o f P roperties o f P la te le ts  and Serotonerg ic Synaptosomes
PLATELET SEROTONERGIC
SYNAPTOSOMES
L im it in g  Membrane Yes Yes
M itoch rond ria Yes Yes
Storage Granules Yes Yes
A c tiv e  Transport Mechanism 
fo r  TRP
Yes Yes
A c tiv e  Transport Mechanism 
fo r  Serotonin (5-HT)
Yes Yes
Synthesis o f 5-H T 
Tryptophan Hydroxylase 
A ro m a tic  Am ino A c id  
Decarboxylase
Disputed
Disputed
Yes
Yes
C atabo lism  o f 5-HT 
Monoamine Oxidase (b) 
A ldehyde Reductase 
Aldehyde Dehydrogenase
Yes
Yes
No
Yes
Yes
Yes
Storage o f 5-HT Yes Yes
Release o f Stored 5-HT Yes
Nucleus No Yes
H -Im ip ram ine  B inding Sites Yes Yes
(Table modified from Stahl et al, 1982)
37
H owever, there is evidence to  show th a t the v a lid ity  o f using blood
p la te le ts  as a model fo r neuronal se ro tonerg ic mechanism a t the synapse is
d oub tfu l. In con tras t to the findings fro m  the studies o f the uptake o f  serotonin 
across the cy top lasm ic  membranes o f the blood p la te le ts  and synaptosomes 
(Sneddon, 1973; Tuom isto, 1974; Drumm ond and Gordon, 1976; Stahl and 
M e ltze r, 1978) inc lud ing  the ac tion  o f psychotrophic drugs on th is  process 
(Tuom isto and Tukia inen, 1976; L ing jaerde, 1981; Stahl e t ^ . ,  1982;
L ing jaerde, 1984), some o the r views have been expressed.
Sm ith e t a l., (1977) compared the serotonin uptake by mouse blood 
p la te le ts  and brain synaptosomes and found th a t th is  process was not id e n tica l in 
the two tissues. Peyer e t a l., (1982) cast doubts on the absolute s u ita b ility  o f 
p la te le ts  as a model fo r d rug-induced release o f b iogenic amines by the 
gu inea-p ig  ce n tra l synaptosomes. The assessment o f blood p la te le ts  as a model 
fo r CNS response has been found w anting  especia lly w ith  respect to  the e ffe c ts  
o f ca ffe ine  on serotonin uptake and release (Chou e t a l., 1983) in sem i-m atu re  
ra t brain and p la te le ts .
Figure 1.7 shows the schem atic model o f serotonin uptake by blood 
p la te le ts . W hile the steps bear resemblances w ith  those in F igure 1.2, the fo rm  
o f physio log ica l release o f serotonin is d iffe re n t in each tissue. The neuronal 
serotonin release fro m  the synaptic vessicles in to  the synapse is caused by 
e le c tr ic a l s tim u la tio n , whereas th a t in the p la te le ts  is caused by agents like  
collagen and th rom b in . However, the stim ulus mechanism fo r release in each o f 
the tw o tissues is ca lc ium  ions dependent (Massini and Luscher, 1976; Jonaka it e t 
^ . ,  1979).
The v a lid ity  o f using p la te le ts  as a model fo r  neuronal storage o f seroton in  
as a com plex w ith  p ro te in , the se ro ton in -b ind ing  p ro te in  (SBP) was found not to  
be id e n tica l (Tam ir e t a l., 1980) as the prote ins were d if fe re n t in the tw o
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in tra c e llu la r s to ring  granules. The ce n tra l synaptic SBP has not as ye t been
detected  in the p la te le ts  (Huang e t a l., 1982). The d iffe re n ce  in binding capac ity  
o f the two tissues is also seen in the concen tra tion  o f ATP, low  in the synaptic 
vessicles (Tam ir and Gershon, 1979) and very high in p la te le t granules 
(P le tscher, 1968).
In spite o f the fa c t th a t p la te le ts  express only type B monoamine oxidase 
(M AO) a c t iv ity  fo r which seroton in  Is a poor substrate compared w ith  th a t o f the 
bra in  w ith  types A and B (Donnelly and M urphy, 1977), the es tim a tion  o f p la te le t 
M AO  a c t iv ity  in d ire c tly  re fle c ts  sero tonerg ic fun c tio n  in the bra in 
(L ing jaerde, 1984).
1.8 THE PRESENT STUDY
It  seems o f in te res t to  find  out w hether the blood p la te le ts  could be used as 
a model fo r neuronal serotonin transm ission in ch ild ren su ffe rin g  w ith  PEM. I f  
th is  were to be va lida ted , i t  would make possible the inves tiga tion  o f 
d ie ta ry -induced  e ffe c ts  on tra n s m itte r synthesis and hence synaptic transm ission 
in human subjects and in p a rticu la r in chi^ w ith  PEM.
This a ffo rded  the stim ulus fo r the series o f ra t  experim ents described in 
th is  Thesis.
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2.1 EXPERIMENTS
2.1.1 Anim als
Rats o f the W istar A lb ino  s tra in  fro m  the U n ive rs ity  o f Surrey A n im a l U n it; 
M ed ica l Research C ouncii; sp ec ific  pathogen-free (SPF) derived s tock were used 
throughout the experim en ta l p ro toco l. The ra ts  in each group were closely 
m atched fo r  body w e igh t. Male w eanling and young adu lt ra ts  were used and 
were housed sing ly in po lyethylene p la s tic  cages w ith  z inc p la ted  w ire  mesh lids 
conta in ing  'S te ra lite ' wood shavings as bedding (U.P. Usher L td ).
A ll anim als were loca ted  in the same room w ith  constant env ironm enta i 
cond itions such as tem pera tu re  (24°C ) and h um id ity  (50-60%) w ith  12 hours 
lig h t/d a rk  lig h tin g  cyc le . A ll anim als were thus subjected to  the same 
env ironm enta l cond itions. They a ll had free  access to  w a te r and were weighed 
and fed between the hours o f 9 and 11 a.m . every m orning throughout the dura tion  
o f the experim ent. When they were sa c rifice d , i t  was done between those hours 
to  avoid any d iu rna i va ria tions . More de ta ils  o f anim als are given in  the 
appropria te  experim en ta l chap ter in w h ich  they were used as sources o f sample.
2.1,2 D ie ts
Anim als were e ithe r given a H igh P ro te in  (HP), Low  P ro te in  (LP) o r the 
S pratt's  labo ra to ry  anim al d ie t. The com position o f the 25% casein H igh P ro te in  
d ie t and the 3% casein Low  P ro te in  d ie t are shown in Tables 2.1 and 2.2 
resp ec tive ly . Both d ie ts (H igh P ro te in  and Low  P ro te in ) are isoca lo ric  (4.26 
K C a l/g  or 17.824 K J /g ). The com position o f the m inera l and v ita m in  prem ixes 
(Special D ie ts  Service SDS L td , S tep fie id , W itham , Essex) used in the fo rm u la tio n  
o f the diets are shown in Tables 2.3 and 2.4 respec tive ly . The average ca lcu la ted
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com position o f the stock d ie t, S p ra tt’s labo ra to ry  anim al d ie t - Rodent Breeding 
Expanded D ie t supplied in pe lle ts (Spratt's  Labo ra to ry  Services) is shown in Table 
2.5. More deta iled  in fo rm a tio n  o f the diets are given in the respective  and 
appropria te  chapters in which they were used. The da ily  d ie ta ry  in take o f each 
o f the  experim en ta l ra ts was recorded.
2.1.3 D e riva tio n  o f N u tr it io n a l Status o f E xperim en ta l Rats
D ie ts  were used to expe rim en ta lly  m anipu la te  the fo rm a tion  o f n u tr it io n a l 
status in ra ts . Table 2.6 shows the main experim en ta l d ie ta ry  m anipu la tions fo r 
n u tr it io n a l status adopted.
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Table 2.1
C om position o f the 23% Casein (H igh P ro te in ) D ie t
Per 100 q o f d ie t (q) 
Casein (w ith  0.2% L -m e th ion ine ) 25
P ota to  S tarch (Pselin. W.A) 59
M inera l M ix tu re  5
V itam in  M ix tu re  \
Corn O il 10
Table 2.2
Com position o f the 3% Casein (Low P ro te in ) D ie t
Per 100 g o f d ie t (g) 
Casein (w ith  0.2% L -m eth ion ine) 3
P ota to  S tarch (Pselin. W .A) 81
M inera l M ix tu re  5
V itam in  M ix tu re  1
Corn O il 10
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Table 2.3
C om position o f the M inera l P rem ix SDS 'Specials'
mg
Iron 50.0
C oba lt 0.5
Manganese 50.0
Copper 10.0
Zinc 20.0
Iodine 0.5
Magnesium 1,000.0
C hlorine  (as C h loride) 3,000.0
Sodium 2,000.0
Phosphorus 5,000.0
C alc ium 6,000.0
Potassium 5,000.0
Selenium 0.05
The m inera l p rem ix is intended fo r  use a t 5% when the component above w il l  
c o n tribu te  the am ount shown per k ilog ram  o f d ie t.
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Table 2.4
C om position o f the V itam in  P rem ix SDS 'Specials'
V itam in  A 10,000 iu
D3 2,000 iu
E 100 mg
10 mg
B2 10 mg
^6 10 rng
B j2 10 meg
B io tin  40 mg
N ic o tin ic  A c id  20 mg
C alc ium  Pantothenate 20 mg
F o lic  A c id  1 mg
Choline 400 mg
V itam in  C 50 mg
V itam in  K 10 mg
Inos ito l 500 mg
p-A m ino benzoic A c id  100 mg
The v ita m in  prem ix is intended fo r use a t 1% when the above com ponent w il l 
co n tribu te  the am ount shown per k ilog ram  o f d ie t.
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Table 2.5
Chem ica l
Rodent Expanded Breeding D ie t 
Per K ilog ram  D ie t (Jnil
M oisture 88 g
E ther E x tra c t (Fat) 35 g
Crude P ro te in 215 g
Crude F ibre 27 g
D igestib le  Energy 142 MJ
M ine ra l
C a lc ium 9.0 g
Phosphorus 8.0 g
Manganese 65.0 mg
Iron 100.0 mg
Iodine 0.5 mg
Copper 20.0 mg
Zinc 40.0 mg
C obalt 1.0 mg
V itam in
V itam in  A 11,000.0 iu
D 1,200.0 iu
A lphatocophero l 24.0 iu
V itam in  K 10.0 mg
R ib o flav in 7.0 mg
Pyridoxine  (added) 1.0 mg
Panto thenic A c id 17.0 mg
N ic o tin ic  A c id 80.0 mg
F o lic  A c id 0.2 mg
Choline C hloride  (added) 450.0 mg
Cyanocobalam in 15.0 mcg
Am ino A cid  Supplement
Lysine 11.0 g
M ethion ine 3.9 g
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Table 2.6 Adopted E xperim en ta l D ie ta ry  M anipu la tions in the F orm ation
o f N u tr it io n a l Status in Rats
Im m edia te  Post-w eaning U n d e rn u tritio n
(a) P ro te in  D e fic ie ncy W eanling male rats were fed a 3% casein 
Low P ro te in  (LP) d ie t fo r  28 or 56 days, 
ad. lib itu m .
(b) General U n d e rn u tritio n Weanling male rats were fed a 25% 
casein H igh P ro te in  (HP) d ie t in 
re s tr ic te d  amounts fo r  28 or 56 days. 
The re s tr ic te d  amounts were achieved by 
pa ir-feed ing  w ith  m atched group on 
p ro te in -d e fic ie n t (Low P ro te in ) d ie t - 
above.
2. Extended Post-weaning U n d e rn u tritio n  
S em i-s ta rva tion Young adu lt male ra ts were fed a H igh 
P ro te in  d ie t, S p ra tt’s pe lle ts  - 21.5% 
p ro te in , in re s tr ic te d  amounts (25% o f 
the m atched C ontro l's  da ily  in take ) fo r  
14 or 28 days respective ly .
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2.2 ANALYTICAL PROCEDURES
2.2.1 Chem icals
The general and u t i l i t y  labo ra to ry  chem icals and reagents are c ite d  in the 
main te x t where they, are used. Only the spec ific  chem icals and reagents 
re levan t to the main a n a ly tica l procedures are m entioned below.
(a) Source o f Supply
Obtained fro m  the Sigma C hem ica l Company L td  w e re :- L -T ryp tophan , 5- 
H yd ro xy tryp ta m in e  (5-HT), 5 -c rea tin ine  Sulphate H ydroxylndo le  A c e tic  A c id  (5- 
H IA A ), 0 -P h tha lia ldehyde  (OPT), L -M e th ion ine , L -C ys te ine , Sodium -m - 
P eriodate, 2 -M ercap toe thano l, F o lin -C ioca lte u  Phenol Reagent and Bovine 
Serum A lbum in  (BSA) - fra c tio n  V powder. Casein (High n itrogen , fa t -  and 
v ita m in -fre e , u n fo r t if ie d )  was obtained fro m  BDH B iochem ica ls L td , England, 
w h ile  pota to  starch (Pselin. W.A) and corn o il was purchased fro m  Special D ie ts 
Services L td , S tep fie id , W itham , Essex. A naesthe tic  E ther B.P. (D ie th y l E the r 
w ith  P yroga llo l 2ppm as an tiox idan t) was bought fro m  May and Baker L td , 
Dagenham, England.
(b) B u ffe rs
0 ) 0.5M Phosphate b u ffe r pH 7.0 was prepared by m ix ing  solutions o f:-
- 0.5M sodium dihydrogen orthophosphate, AR
- 0.5M disodium hydrogen orthophosphate, AR
in proportions o f 1 to  2 by volume respec tive ly  to  obta in  pH 7.0.
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( ii)  0.04M Phosphate/Saline b u ffe r pH 7.4 used fo r the ca lcu la tio n  o f the quenching 
curve o f the s c in t illa n t employed fo r ra d io a c tiv ity  counting was made up o f:-
-  0.04M sodium dihydrogen orthophosphate
-  0.04M disodium hydrogen orthophosphate
»
- 0.1% gela tine
- 0.1% sodium azide
- 0.88% sodium ch loride
H eat was applied to  g e la tin ize  the m edium .
( ii i)  0.05M Tris  A ce ta te  b u ffe r pH 7.6
Solutions o f 0.05 M T rizm a -a ce ta te  (Sigma Chem icals) and 0.05 M T rizm a-base , 
Sigma 7 -9  (Sigma Chem icals), were m ixed 5 to  2 by volume to  obta in  pH 7.6. 
1 m M  2-m ercap toe thano l type 1 (Sigma Chem icals) was added to the b u ffe r.
(c) R adiochem icals
T r it ia te d  Tryptophan, L -(G - H) Tryptophan (spec ific  a c t iv ity :  6.6
C uries /m m o l - 244 G Bq/m m ol, 32 m C i/m g  - 1.18 G Bq/m g; R ad ioactive  
concen tra tion : 1.0 m C i/m l - 37.0) M G q/m l) was purchased fro m  the
R adiochem ica l C entre , Amersham , England. The s c in tilla t io n  liq u id , Optiphase, 
Safe, M u lti-purpose  L iqu id  S c in tilla tio n  c o ck ta il, was bought fro m  LK B  S c ie n tif ic  
Products (Fisons PLC, S c ie n tif ic  Equipm ent D iv is ion , Loughborough, England).
(d) Solvents
A ll solvents were o f a n a ly tica l grade, AnalaR (AR) and were obta ined from  
BDH Chem icals L td . There were n-butano l, n-heptane and ch lo ro fo rm .
(e) Reagents and Solutions
D e ta ils  o f prepara tion  are given in the appropria te  te x t re levan t to  th e ir  use.
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2.2.2 A n a ly tic a l Methods
(a) Sample C o llec tion
(i) Blood
A t the end o f  each experim ent, each ra t was weighed and lig h t ly  
anaesthetized w ith  anaesthetic e the r (M & B B iochem ica ls). A card iac puncture 
was then perfo rm ed using a 10 m l disposable or s ilicon ized  syringe and about 9 m l 
o f blood w ithd raw n and e jected  in to  a graduated polypropylene p las tic  or 
s ilicon ized  glass ce n trifu g e  tube. The ce n trifu g e  tube conta ined 1 m l o f EDTA 
whole blood an ti-coagu lan t so lu tion  (27 mM disodium ethylene diam ine te tra -  
ace tic  acid - N A ^-E D T A , 120 mM sodium ch lo ride  and 6 mM D-glucose, a ll AR  - 
Shaw e ^ a l,  1971). The p roportion  o f blood to  an ti-coagu lan t was m ain ta ined even 
w ith  sm alle r obta inable  volume o f blood especia lly  fro m  sm a lle r or 
undernourished ra ts . A f te r  thorough m ix ing , an a liquo t (0.5 m l) o f blood was 
taken fo r to ta l blood p la te le t count and other haem ato log ica l param eters (see
2.2.2 c (i). Fo llow ing card iac puncture, the ra t was k ille d  by decap ita tion .
( ii)  Iso la tion  o f P la te le ts
P la te le t-r ic h  plasma (PRP) was obtained fro m  the an ti-coagu la ted  whole 
blood by ce n trifu g in g  a t 350 x g (1300 rpm ) fo r 10 m inutes a t room tem pera tu re  
(18-20°C). P las tic  or s ilicon ized  glass pasteur p ipe tte  was used to  p ipe tte  o f f  the 
PRP and an a liquo t (0.5 m l) was used fo r p la te le t counting. When there  was an 
in s u ff ic ie n t volume o f PRP, as was a lm ost always the case, a re la tiv e  PRP was 
obtained by respinning the 350 x g cen trifuged  blood a t 525 x g (1600 rpm ) fo r  10 
m inutes and the plasma a liquots pooled toge the r to  a s u ff ic ie n t volum e o f 
w ork ing PRP fo r the various dete rm ina tions. P la te le t counting was ca rried  out 
on the 'pooled' w ork ing  PRP. The plasma obtained fro m  the 1500 x g (2700 rpm ) 
subsequent spin fo r  10 m inutes, was pooled w ith  the p la te -fre e  plasma (PFP) (see 
below) fo r u lt ra f i l t ra t io n  and other plasma dete rm ina tions.
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The p la te le ts  in a known volume o f PRP in a polypropylene p las tic  or 
s ilicon ized  glass tube were pe lle ted  by ce n trifu g in g  at 1500 x g fo r 30 m inutes at 
room  tem pera tu re , and the supernatant (p la te le t-fre e  plasma - PFP) decanted, 
the tube a llowed to  drain fo r 5 m inutes, and the inside and r im  o f the tube wiped 
dry w ith  absorbent tissue paper. The packed p la te le t p e lle t (PP) was e ithe r 
suspended in 0.5 m l o f 0.32 M sucrose conta in ing  1 mM 2-m ercapto  e thanol 
(sucrose so lu tion) and stored a t -40° u n til ready fo r use, or d isrupted by manual 
hom ogenization in 2 m l o f ice -co ld  de-ionised, d is tille d  w a te r and used 
im m ed ia te ly . The p la te le t p e lle t suspended in 0.5 m l o f iso ton ic  so lu tion  as 
above was d isrupted by adding 1.5 m l o f ice -co ld  de-ionised d is tille d  w a te r 
im m ed ia te ly  before use and homogenized as above.
( ii i)  Plasma U lt ra f i l t r a te
A m od ified  method o f B loxam  e t al (1977) was used to  obta in  the plasma 
u lt ra f i l t r a te  (PUF) conta in ing  the non-album in bound fra c tio n  o f plasma by 
ce n trifu g in g  about 2 m l o f plasma a t 1000 x g (2200 rpm ) fo r  30 m inutes a t 4*^C in 
a type CF50 D ia flo  (c e n tr if lo )  membrane cone (Am icon L td , H igh Wycombe, 
Bucks). The u lt ra f i l t ra te  co llec ted  a t the bo ttom  o f a special polycarbonate  
cen trifuge  tube was used fo r analysis im m ed ia te ly  or stored a t -4 0 °C  toge the r 
w ith  the rest o f the unused plasma.
(iv ) B rain
(a) Rem oval
The ra t was k ille d  by decap ita tion  im m ed ia te ly  a fte r  the card iac puncture 
procedure a t approx im ate ly  the same tim e  o f the day (10 am + 1 hour) to  
e lim ina te  d iu rna l va ria tions  especia lly in respect o f Serotonin leve l in the bra in 
(Quay, 1965; 1968). The whole bra in was rem oved as qu ick ly  as possible fro m  the 
sku ll, leaving out the o lfa c to ry  lobe and making sure th a t the m edulla oblongata
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was not excluded, in to  a ch illed  weighed b o ttle  conta in ing  a known volume (about 
10 m l) o f 0.32 M sucrose so lu tion  depending on the bra in w e igh t. The b o ttle  w ith  
its  e n tire  content was re-w eighed and the d iffe re n ce  gave the w e igh t o f the 
whole bra in . When the bra in sample was not im m ed ia te ly  processed, i t  was 
ra p id ly  frozen  in liqu id  n itrogen  a t -196°C fo r about 20 seconds on rem ova l and 
subsequently stored a t -40°C  a fte r  i t  was weighed.
(b) Homogenate
^  ^  homogenate o f the bra in  tissue was made by homogenising i t  in about
10 volumes o f 0.32 M sucrose conta in ing  1 mM 2-m ercaptoe thano l (sucrose
so lu tion). Hom ogenization was ca rried  out in a Thomas th ick  w a lled glass
hom ogenizer (grinding vessel or cham ber) using a Thomas T e flon  pestle  w ith
ra d ia l serra tions a t the t ip  (A rth u r H Thomas Company, Thomas Techno logica l
Service, Philade lphia, PA, USA) and w ith  clearance between 0.1 mm and 0.2 mm
by six up and down strokes. Both the glass hom ogenizer and the 0.32 M sucrose
solu tion  (adjusted to  pH 6.92 + 0.02 w ith  0.05 M T rizm a  base) had been ch ille d  in
an ice -ba th  and the fo rm e r was in an ice -ba th  throughout the hom ogenization
o p e r- 'io n . A 2 m l a liquo t was w ithd raw n in to  a p las tic  5 m l beta v ia l w ith
stopper and e ithe r kept in the ice -ba th  fo r im m ed ia te  use or stored a t -40°C
u n til assayed. The above subsequent operations were ca rried  out a t not m ore 
than 4°C  (2-4°C ).
A ll the solutions and apparatus used had a ll been p re -ch ille d  in an ice -ba th  or 
in the re fr ig e ra to r  overn igh t. O ther p recau tionary measures included a ll 
samples, so lutions, glass and o ther wares being kept in the ice -ba th  a t a ll tim es 
during the e n tire  procedure; the ro to rs  were pre-cooled. Glass or de-ionised 
d is tille d  w a te r was used fo r a ll m anipulations includ ing  rinsing since heavy 
m etals, detergents and o the r contam inants were d e tr im e n ta l to  the f in a l assay. 
F in a lly , the operations were ca rried  out as qu ick ly  as possible.
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The 10% homogenate was then subjected to a series o f d if fe re n t ia l and 
discontinuous sucrose density g radient ce n trifu g a tio n s  to  iso la te  the d if fe re n t 
subce llu la r fra c tio n s . These were the nucleus, m yelin  (both large and sm all 
fragm ents), synaptosomes (pinched o f f  nerve-endings), m itochond ria  and 
m icrosomes o f the bra in . F ig  2.1 shows the schem atic flo w  ch a rt used in the 
fra c tio n a tio n  o f d iffe re n t subce llu la r p a rtic les  o f the bra in  tissue.
(v) Subcellu lar F ractions
Subcellu lar fra c tio n s  fro m  ra t b ra in  homogenate were prepared p r im a rily  
using the m ethod described by Gray and W h ittake r (1962) as m od ified  by 
W h ittake r and B a ke r'(1972) w ith  s lig h t m o d ifica tions  o f methods o f W h ittake r e t 
a l (1963) and G raham e-Sm ith (1967).
(a) Iso la tion  o f N uclear and Large Fragm ent M ye lin  F ractions
The d ilu ted  homogenate (approx im ate ly  10%) in a 50 m l trans lucen t 
polycarbonate Beckman tube was cen trifuged  a t 1000 x g (2700 rpm ) fo r  10 
m inutes in Beckman 32-21 cen trifu g e  using the 14 x 50 m l JA-17 ro to r  type (seria l 
No 17572). The supernatant SjWas gen tly  decanted and the p e lle t - p  ^ washed 
tw ice  by suspending in 2 vols (about 4 m l) o f 0.32 M sucrose so lu tion  and spun as 
above. Each supernatant, SWl was pooled w ith  the in it ia l supernatant, Sj, the 
m ix tu re  o f w hich form ed the w ork ing supernatant - Sj.
The washed pe lle t, pj was resuspended in 2 volumes (about 4 m l) o f 0.32 M
sucrose so lu tion  to  give a pe lle t suspension o f 2 m l/g  o rig in a l bra in tissue. This
was c a re fu lly  layered on a previously prepared ice -co ld  sucrose density g rad ien t
made w ith  equal volumes (10 m l) each o f 0.80 M sucrose and 1.20 M sucrose both
conta in ing  1 mM 2-m ercaptoethano l. A discontinuous sucrose density g rad ien t
c e n trifu g a tio n  was ca rried  out on the sample in a 25 m l capped Beckman tube a t
53,500 X g (28,000 rpm ) fo r 60 m inutes in an L5-65B Beckman ce n trifu g e  using 
the 8 X 25 m l 60T1 ro to r type (Serial No E12338 or E3583).
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The fra c tio n  a t the in te rfa ce  o f 0.32 M sucrose w ith  0.80 M sucrose, large 
m ye lin  fragm ents, was rem oved w ith  as l i t t le  f lu id  as possible and kept fo r 
subsequent tre a tm e n t. The content a t the in te rfa ce  o f 0.80 M sucrose w ith  1.20 
M sucrose, con ta in ing  the nuclear fra c tio n  was rem oved, d ilu ted  w ith  an equal 
volum e o f ice -co ld  de-ionised d is tille d  w a te r and pe lle ted  a t 254,000 x g (60,000 
rpm ) fo r 30 m inutes. The same ro to r  type and cen trifu g e  as were used fo r the 
density g rad ien t run were also employed here and subsequent pe lle tin g  
operations. The p e lle t was washed tw ice  in 2 volumes (4 m l) 0.32 M sucrose 
so lu tion  and resuspended in 0.5 m l o f the sucrose so lu tion  fo r  storage a t -40°C . 
The bo ttom  f irm  p e lle t o f tissue ce ll debris and blood ce lls (E ichberg e t a l, 1964) 
was discarded.
(b) Iso la tion  o f M ye lin  (Small Fragm ents), Synaptosomes and M itochondria
The w ork ing  supernatant S^  (Sj + SWp was placed in to  a 50 m l trans lucen t 
polycarbonate Beckman tube and spun a t 13,500 x g (10,000 rpm ) fo r  20 m inutes in 
a Beckman 02-21 ce n trifu g e  using the 14 x 50 m l OA-17 ro to r type (Seria l No 
17572). The supernatant S^, was c a re fu lly  decanted and the p e lle t, P^washed 
tw ice  in 2 volumes o f 0.32 M sucrose so lu tion  on each occasion. The washed 
p e lle t (the crude m itochond ria l fra c tio n ) was resuspended in 2 volumes (4 m l) 
o f 0.32 M sucrose so lu tion  (to give 2 m l/g . O .T.) and homogenized. The washings 
fro m  P2 (SW2 X 2) were pooled w ith  supernatant S2 to  fo rm  the w ork ing  S2.
The e n tire  homogenized resuspended washed crude m itochond ria l fra c tio n , 
^ 2 ' fra c tio n a te d  in a discontinuous sucrose density g rad ient ce n trifu g a tio n  
run as previously described in section v(a) above. The very w h ite  m ye lin  (sm all 
fragm ents) fra c tio n  conta in ing the bulk o f the bra in m ye lin , a t the in te rfa ce  o f 
0.32 M sucrose w ith  0.80 M sucrose was p ipe tted  o f f  w ith  as l i t t le  sucrose 
so lu tion  as possible. This w h ite  f lu f f y  sm all m ye lin  fragm ents fra c tio n  was
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pooled w ith  the w h ite  gelatinous large m ye lin  fragm en t fra c tio n  o f Pj from  
section v(a) above. The fra c tio n  at the second in te rfa ce  o f 0.80 M sucrose w ith  
1.20 M sucrose conta in ing  the fa in t  pinkish coloured detached nerve-endings or 
the synaptosomes (M ichaelson and W h ittake r, 1963 and W h ittake r e t a l, 1964) was 
- rem oved w ith  the e n tire  supernatant above the tan coloured p e lle t, the 
m itochond ria , a t the bo ttom  o f the tube. I t  was found, as a p recau tionary 
measure, more sa tis fy ing  to  p ip e tte  out the synaptosomal fra c tio n  instead o f 
pouring out the en tire  supernatant above the m itroch o nd ria l p e lle t, to  avoid 
con tam ina tion . C on tam ina tion  could arise i f  the m itochondria  p e lle t became 
soggy as a resu lt o f being le f t  in the ice -ba th  fo r a long tim e . The in it ia l 
pe lle tin g  o f the synaptosomes fro m  the fra c tio n  m igh t be incom ple te  also as 
double d ilu tion  o f the medium o f 0.80 M sucrose and 1.20 M sucrose solutions 
w ith  ice -co ld  de-ionised d is tille d  w a te r would be less e ffe c t iv e  than double 
d ilu tin g  0.80 M sucrose so lu tion  medium w ith  w a te r as above
Both the m ye lin  (sm all and large fragm ents) and synaptosomal fra c tio n s  were 
d ilu ted  w ith  equal volum e o f ice -co ld  de-ionised d is tille d  w a te r and pe lle ted  
down a t 254,000 x g (60,000 rpm ) fo r 30 m inutes. A ll th ree fra c tio n s  conta in ing  
m ye lin , synaptosomes and m itochondria , were washed tw ice  in 2 volumes 0.32 M
sucrose so lu tion  and resuspended in 0.5 m l o f the sucrose so lu tion  fo r storage a t - 
40°C  u n til required.
(c) Iso la tion  o f the M icrosom al F rac tion
The Sg supernatant was cen trifuged  at 254,000 x g (60,000 rpm ) fo r  30 
m inutes in an L5-65B Beckman ce n trifu g e  w ith  ro to r  type 60 T i (8 x 25 m l) using 
the 25 m l capped Beckman tube. A 10 m l a liquo t o f the supernatant - 
obta ined fro m  th is  c e n tr ifu g a l run was stored a t -40°C  or assayed im m ed ia te ly . 
This medium cons titu ted  the cytoso l conta in ing  the soluble cy top lasm ic  
constituen ts  o f the brain ce ll. The th ick  je lly - l ik e  lig h t b rick  red coloured 
resu lting  pe lle t conta in ing  the m icrosomes was washed in 2 volumes (4 m l) o f
0.32 M sucrose so lu tion  and stored a t -4 0 ^ 0  u n til ready fo r  use.
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A ll fra c tio n s  - p la te le ts , nuclear, m ye lin , synaptosomes and m itochondria , 
suspended in 0.5 m l 0.32 M sucrose so lu tion  and stored a t -40°C  were disrupted 
by adding 1.5 m l o f ice -co ld  de-ionised d is tille d  w a te r and m anually homogenized 
using the 10 m l th ick  w alled Thomas glass hom ogenizer and serra ted T e flon  
pestle , im m ed ia te ly  before use. Where the fra c tio n s  were dea lt w ith  
im m ed ia te ly , ie, not stored, but ready fo r  assay, they were disrupted and 
homogenized as above in 2 m l o f ice -co ld  de-ionised d is tille d  w a te r. The 
d isrupted and homogenized medium (p la te le t excluded) should give approxim ate  
f in a l p roportion  o f 1 m l/g . o rig in a l bra in tissue and a ll assays were dispensed 
fro m  th is  m edium . The o ther samples, a liquots o f homogenate and cytoso l, were 
not fu r th e r d ilu ted  down but used neat fo r a ll assays.
(b) E x tra c tio n  Procedure
The e x tra c tio n  o f TP, 5-HTand 5 -H lA A  fro m  the bra in and its  subce llu la r 
fra c tio n s  was as described by K n o tt and Curzon (1974) w ith  some m od ifica tio n s . 
The same neurochem ical constituen ts  were also e x trac te d  fro m  the blood
p la te le ts  o f the same ra t by the above m od ified  method.
Into a stoppered glass cen trifu g e  tube conta in ing  3.0 m l o f ice -co ld  a c id if ie d
n-butano l (Chang, 1964) (0.85 m l concentra ted  hydroch lo ric  acid was added to  1
l i t r e  o f n -b u ty l a lcohol) was added 0.6 m l o f sample, standard or de-ionised 
d is tille d  w a te r.
The contents were m ixed thoroughly using a vo rtex  m ixe r and then spun a t 
3000 rpm  fo r  5 m inutes a t 4 °C . 2.5 m l o f supernatant (n-butanol phase) was 
trans fe rred  to a 15 m l glass stoppered tube conta in ing  5 m l o f ice -co ld  n-heptane 
and shaken m echan ica lly  fo r  10 m inutes w ith  1 m l o f 0.1% acid cyste ine  (0.1% w /v  
L -cys te ine  in 0.1 M H C L) prepared fresh im m ed ia te ly  before use.
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The tube was ce n trifu g ed  as above and the bo ttom  (aqueous) laye r separated 
fo r TP and 5 -H T assay.
The organic phase (m ix tu re  o f n-butano l and n-heptane) which conta ined 5- 
H IA A  was e x trac te d  in to  0.1% bu ffe red  L -cys te ine  (0.5 M phosphate b u ffe r pH
7.0 conta in ing  0.1% w /v  L -cys te ine ) fresh ly  prepared by m echan ica lly  m ix ing  in a 
15 m l stoppered glass ce n trifu g e  tube as above w ith  5 m l o f organic phase fo r  10 
m inutes. The bo ttom  (aqueous) laye r was separated fo r 5 -H lA A  assay a fte r  the 
tube had been spun as above.
The sample e x tra c t fo r TP and 5-H T was re fr ig e ra te d  or stored a t -40°C
w h ile  th a t fo r  5 -H lA A  was ne ithe r re fr ig e ra te d  nor stored deep-frozen. F ig  2.2
shows the schem atic procedure fo r  e x tra c tio n  o f TP, 5-H T and 5 -H lA A  in the ra t 
brain and p la te le ts .
(c) D e te rm ina tion  Procedures 
1 P la te le t C ounting
P la te le t counting was perfo rm ed e le c tro n ic a lly  in a C ou lte r coun ter model S- 
Plus (C ou lte r E lec tron ics  Inc., H ia leah, F lo rida , USA) and p la te le ts  fro m  
rep resen ta tive  groups were sized on a linea r scale using the above counter w ith  a 
channelyzer a ttachm ent. The m odel 5-Plus coun ter in add ition  to  p la te le t 
counting, also determ ined ro u tin e ly  on N a^ED TA anticoagu lanted whole blood 
the fo llo w in g  haem ato log ica l indices: haem aglobin, h ae m a toc rit (PCV -  Packed 
C e ll Volume), e ry th ro cy te , leucocyte , mean e ry th ro cy te  volum e (MCV), 
haemaglobin (M CH) and haemaglobin concen tra tion  (M CHC), mean p la te le t 
volum e (MPV) and a histogram  o f p la te le t volume d is tr ib u tio n . The las t 
haem ato log ica l index was obtained w ith  the aid o f the p la te le t size d is tr ib u tio n  
a ttachm en t (C ou lte r D iagnostics, a D iv is ion  o f C ou lte r E lec tron ics  Inc., H aileah, 
F lo rida , USA) to  the model S-Plus coun ter. H istogram  o f p la te le t vo lum e, mean 
p la te le t volume (MPV) and p la te le t count from  PRP were also obtained.
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For analysis, 0.0447 m l (44.7 wl) o f N a^-E D TA  anticoagu la ted  whole blood or 
PRP from  it ,  was e jected  from  a graduated ca p illa ry  in to  10 m l o f iso ton-2. The 
d ilu tio n  m ix tu re  was fed to the counter a fte r  m ixing. A h istogram  o f p la te le t 
vo lum e/s ize  d is tr ib u tio n  was sim ultaneously recorded. Both blood and PRP 
samples were thorough ly ro lle r-m ixe d  before the d ilu tio n  was made. Figs 2.3 
shows a ty p ic a l h istogram  o f p a rtic les  2-20 f l  ( fe m to litre s ) fro m  N ag-EDTA a n ti­
coagulated LP anim al whole blood and its  PRP, w ith  a curve th a t has been 
extrapo la ted  to a smooth log -no rm a l curve. P la te le t count as was reported  
included a ll p a rtic les  under the ex trapo la ted  curve, ie, a ll p a rtic les  less than 2 f l  
and g rea te r than 20 f l .  The MPV as reported  was also the in teg ra ted  mean o f a ll 
p a rtic le s  under the extrapo la ted  curve (Bessman, 1980; Bessman e t a l, 1981; 
Thompson et al 1982 and Thompson e t al, 1983).
Tryptophan (TP)
The f lu o r im e tr ic  method fo r  the de te rm ina tion  o f plasma TP and bra in TP on
a liquots conta in ing  5-H T (K n o tt and Curzon, 1974) was essen tia lly  th a t o f
Denckla and Dewey (1967). The m o d ifica tio n  by Bloxam and W arren (1974) was 
used.
TP was converted to  an aldehyde-induced stable fluorophore  Norharm an by 
heating i t  in acid cond itions (10% TCA) fo llow ed  by condensation w ith  
form aldehyde and ox idation  in fe r r ic  ch lo ride . TP was es tim a ted  on PFP, PUF 
and e x trac ts  fro m  PP and brain subce llu la r fra c tion s .
To 0.2 m l p ro te in -fre e  sample, standard or b lank, cooled on ice or in ice -ba th , 
was added: 2.0 m l 10% w /v  TC A , anhydrous AR , shaking a fte r  each a dd ition ; 0.2 
m l 2% w /v  form aldehyde so lu tion  AR and rap id ly  0.1 m l 6 x lO '^ M  F e rr ic  
ch lo ride , hexahydrate, AR in 10% TC A. The tubes were heated in a bo iling  w a te r
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F ig 2.3. E ffe c t o f g iv ing  Low P ro te in  (LP) d ie t fo r  56 days on the p la te le t 
count and Mean P la te le t Volume (MPV) in w eanling ra t.
(a) blood (b) P la te le t-r ic h  plasma (PRP)
P la te le t count 7.88 x 10®/ml 2.36 x 10^/m l
MPV 6.1 f l  5.8 f l
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bath (not less than 99°C ) fo r  60 m inutes w ith  tubes stoppered w ith  marbles. 
Darkness was created by covering  the e n tire  opening o f the w a te r bath w ith  
a lum in ium  fo il.  Fluorescence was measured, a fte r  cooling, in a m ic ro -cuve tte  
using a P e rk in -E lm e r F luorescence S pectrophotom eter -  M PF-3, a t a c tiva tin g  
(e xc ita tio n ) w avelength o f 373 nm and fluorescen t (em ission) w avelength o f 452
nm.
The p ro te in -fre e  sample fo r  to ta l TP in plasma was obtained by p ip e ttin g  0.05 
m l o f plasma in to  a ce n trifu g e  tube conta in ing  2.0 m l o f ice -co ld  10% TC A . The 
tube was cen trifuged  a t 3000 rpm  fo r 10 m inutes a t 4*^C to  p re c ip ita te  the 
p ro te in . The supernatant was used fo r  analysis. The standard curve fo r 
tryp tophan is shown on F ig  2.4.
L - t r y p tophan stock standard, 100 p g /m l; 10 mg L -tryp to p ha n , anhydrous, (Sigma 
Chem icals) was dissolved in 100 m l o f 0.1 N ammonia so lu tion , A R , B.DH and 
stored in a cold room a t 4°C .
W orking standard; Stock so lu tion  was d ilu ted  1:100 (Ip g /m l) in 0.1% acid L -  
cysteine and stored a t 4°C  before use.
5 -H yd roxy tryp tam ine  (5-HT)
The in it ia l f lu o r im e tr ic  procedure fo r  the de te rm ina tion  o f 5-H T and 5 -H lA A  
was based on the m ethod o f M a icke l e t al (1968) and s lig h tly  m od ified  by M a icke l 
(1972). The m o d ifica tio n  by Curzon and Green (1970) was also incorpora ted.
An a rom a tic  1,2-dialdehyde, 0 -P htha la ldehyde  (OPT) reacts w ith  5 -H T and 5- 
H IA A  in acid medium to give an acid-induced fluorophore  on heating.
5“ HT conta ined in the 0.1% acid L -cys te ine  aqueous laye r was measured in 
sample e x tra c t obtained from  PP and brain subce llu la r fra c tion s . The solutions 
used were a ll prepared im m ed ia te ly  before analysis.
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FIGURE 2.4 TRYPTOPHAN STANDARD CURVE.
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In to  a 5 m l graduated stoppered tube conta in ing  0.2 m l sample e x tra c t, 
standard or blank was p ipe tted  0.02 ml 1% w /v  L -cys te ine  in deionised d is tille d  
w a te r. The tube was m ixed and 0.8 m l 0.004% w /v  OPT (Sigma Chem icals) in 
concentra ted  hydroch lo ric  acid, AR (1 mg OPT was dissolved in 25 m l cone H C l 
to give a 0.004% OPT) was added.
The tube was m ixed thorough ly, placed in a w a te r bath and heated a t 77°C  
fo r  15 m inutes. I t  was then cooled to  room  tem pera tu re  and the fluorescence 
measured in a m ic ro -cu ve tte  a t e xc ita tio n  wavelength o f 360 nm and emission 
w ave length  o f 470 nm using the same fluorescence spectropho tom ete r as fo r 
tryp tophan .
Stock 5-H T standard, 100 u g /m l: 22 mg anhydrous 5 -h yd ro xy -tryp ta m in e -
c rea tin ine  sulphate com plex (Sigma Chem icals) or 10 mg pure anhydrous 5-H T
(Sigma Chem icals) was dissolved in 100 m l o f deionised d is tille d  w a te r and stored 
a t -20°C .
W orking standard (1 ug /m l) was prepared by d ilu tin g  stock std 1:100 w ith  0.1% w /v  
acid L -cys te ine  and stored a t 4°C  fo r use. The standard curve fo r 5 -H T  is shown 
on F ig  2.5.
4 5 -H yd roxy l indole ace tic  acid (5 -H lA A )
The 5 -H lA A  contained in the organic phase ex trac ted  in to  0.1% bu ffe red  L -  
cysteine aqueous laye r was measured in the e x tra c t sample o f PP and bra in  
subce llu la r fra c tion s , and a ll the solutions used fo r  the procedure were prepared 
fresh im m ed ia te ly  before use.
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0.4 m l o f sample e x tra c t, standard or blank was p ipe tted  in to  a 5 m l 
stoppered glass tube. In to  It was added:
- w /v  L -cys te ine  so lu tion (in deionised d is tille d  w a ter). The tube was 
m ixed.
- 0.8 m l 0.004% w /v  OPT in conc. H C l was added.
The tube was ag ita ted  and heated in a w a te r bath a t 77°C  fo r  15 m inutes. 
F luorescence was read in a m ic ro -cu ve tte  on cooling to  room tem pera tu re  a t an 
e xc ita tio n  and emission wavelengths o f 360 nm and 470 nm respec tive ly .
Stock standard so lu tion  (10 u g /m l): was prepared by dissolving 1 mg o f anhydrous
5 -H lA A  (Sigma Chem icals) in 100 m l o f deionised d is tille d  w a te r and stored a t -
20°C .
J j ]?. w ork ing  so lu tion (O.l u g /m l): was obtained by d ilu tin g  the stock std 1:100 w ith
0.1% w /v  L -cys te ine  in 0.5 M phosphate b u ffe r pH 7.0. The standard curve fo r  5- 
H IA A  is shown on F ig 2.6.
In the o rig ina l Curzon and Green (1970) f lu o r im e tr ic  method fo r 5-H T and 5- 
H IA A , fluorescence was developed a t 100°C. This has now been m od ified . 
H eating  a t 77°C  gave considerably low er blank values. Also cyste ine was added 
to  both 5-H T and 5 -H lA A  assay to  p revent the destruc tion  o f the 5-
hydroxyindoles by oxidation  when exposed to  hot acid required  fo r  the
com plexing w ith  OPT. (The above m o d ifica tio n  was by kind perm ission o f the 
organ izer, MSc course in N eurochem istry (1982), D ept o f N eurochem istry , MRC 
D eve lopm enta l Neurobio logy U n it, In s titu te  o f N eurology, London).
5 Soluble p ro te in
The p ro te in  content in the brain homogenate, cy toso l, d isrupted suspensions 
o f subce llu la r (synaptosomal and m ye lin ) fra c tio n s  and p la te le t p e lle t, was 
determ ined using a s ligh t m o d ifica tio n  o f the method o f Low ry  e t al (1951).
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A su itab le  d ilu tio n  o f the sample was made in deionised d is tille d  w a te r. A 
guide is given below as fo llow s:
10% brain homogenate 1:50
C ytoso l 1:10
Synaptosomes and m ye lin  (in 2 m l suspension) 1:10
P la te le ts  (x 10^/1) in 2 m l suspension:-
"^100 Neat
100 -  300 1;2
301 - 600 1j5
>600 1:10
and plasma 1:250
Reagents
1. 2.0% w /v  sodium carbonate, anhydrous AR , in 0.1 N NaOH (concentra ted
v o lu m e tr ic  so lu tion  -  BDH)
2. 2.0% w /v  potassium sodium (+) ta r tra te , AR
3. 1.0% w /v  cupric  sulphate, AR
4. 2 N Fo lin  and C io ca lteu ’s phenol reagent
The reagent m ix tu re  was made up by m ix ing  1.0 m l each o f reagents 2 and 3 
im m ed ia te ly  p rio r to use w ith  100 m l o f reagent 1. The m ix tu re  keeps fo r  about a 
day a t 4 °C  in to  a tes t-tu b e  con ta in ing :-
-  0.25 m i o f sample so lu tion , standard or blank was added
- 2.50 m l reagent m ix tu re  shaking a fte r  each add ition .
A f te r  the tube was allowed to stand fo r 10 m inutes, 0.5 m l d ilu ted  (IN) 
reagent 4 was added. The tube was thorough ly  m ixed and le f t  standing fo r  30 
m inutes at room tem pera ture .
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The tes t was read a t 720 nm using w a te r as blank in an LKB  (B iochrom ) 
U ltrospec 4050 Spectrophotom eter, LK B  B iochrom  L td , C am bridge, England.
P ro te in  Standard; 0.1% w /v  o f bovine serum album in (BSA - fra c tio n  V powder. 
Sigma Chem icals) was ca re fu lly  prepared, to  avoid fro th in g , in deionised d is tille d  
w a te r.
BSA w ork ing  standard: The s tock standard, 0.1% BSA was d ilu ted  1:2 w ith
deionised d is tille d  w a te r fo r use. Both s tock and w ork ing  standards were stored 
a t 4 °C . The standard curve is given in F ig  2.7.
^ M easurement o f the uptake and inco rpo ra tion  o f ^H -tryp tophan  in to  bra in  tissue 
and blood p la te le ts  and th e ir  respective  p ro te in  
(0  A dm in is tra tio n  and sample co lle c tio n
Rats tha t have been fed on e ithe r H igh P ro te in  or Low  P ro te in  d ie t as 
described in 2.1.2 and Table 2.6 1(a) and (b) were in jec ted  w ith  0.2 pC i/g .body 
w e igh t o f t r i t ia te d  tryp tophan in tra p e rito n e a lly  (i.p) on the day o f s a c rif ice . The 
ra d ioac tive  isotope used, L -(G -^H ) tryp tophan  (spec ific  a c t iv ity :  6.6 C i/m m o l, 32 
m C i/m g ; rad ioac tive  concen tra tion : 1.0 m C i/m l) supplied as an aqueous ethanol 
(1:1 v /v ) so lu tion sealed under n itrogen  was d ilu ted  1:10 w ith  norm al saline to  give 
a rad ioac tive  concen tra tion  o f 100 p C i/m l. The ra ts  were k ille d  60 m inutes a fte r  
a dm in is tra tion . Food was w ithd raw n during th is  period but w a te r was made 
accesible as usual.
Samples were obtained as per 2.2.2 a and ra d io a c tiv ity  determ ined as w e ll as 
the inco rpora tion  o f the rad ioac tive  nuclide in to  the p ro te in  o f each sample 
excep t the plasma u lt ra f i l t r a te .  R a d io a c tiv ity  was expressed as DPM 
(d is in tegra tions per m inu te) per m illig ra m  p ro te in  (spec ific  a c tiv ity ) .  The dpm 
values, ie, the true  am ount o f a c t iv ity  present, have been obtained fro m  the
72
XI0
un
c
a»
-XD
c5
U
Q_
O
5
4
3
2
0
50 2 3 4
Concentration (ug /m l) BSA %10  ^
FIGURE 2.7 PROTEIN STANDARD CURVE.
73
CPM (counts per m inu te) values, ie, the apparent amount o f a c t iv ity  present,
d ire c tly  by the use o f Quench C o rre c tio n  Curve. The Quench C o rre c tio n  Curve
was obta ined by dete rm in ing  the degree o f quenching o f an ex te rna l standard
(^H-hexadecane, 900,000 dpm) by varying  amounts o f a ty p ic a l chem ica l
quenching compound, a non -a rom atic  halogenated substance, ch lo ro fo rm  in
phosphate saline b u ffe r pH 7.4, using a known s c in tilla t io n  so lvent (LK B , 
optiphase 'safe' -  OPS).
Quench co rre c tio n  curve procedure
The above procedure made i t  possible to  ca lcu la te  the counting  e ff ic ie n c y .
% e ff ic ie n c y  = Am ount out (CPM) ^ 100
Am ount in (DPM) 1
In th is  experim en t, an ex te rna l standard channels ra tio  (ESR) was generated 
to  m on ito r e ffic ie n c y . The m ethod gives a high s ta t is t ic a l confidence.
In to  10 s c in t illa t io n  5 m l beta v ia ls conta in ing  5 m l each o f optiphase 'safe',
OPS, LKB 's m u lti-pu rpose  liq u id  s c in tilla t io n  co ck ta il - LSC, were added as 
fo llo w s ;-
Beta v ia l H-Hexadecane QPS
900,000 d.p.m . LSC Phosphate/Saline B u ffe r pH 7.4
C h lo ro fo rm
1
2
3
4
5
6
7
8 
9
10
10
10
10
10
10
10
10
10
10
10
490
390
290
190
90
100
200
300
400
490
450
410
370
330
40
80
120
160
A ll quan tities  in m ic ro litre s .
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A ll v ia ls  were thorough ly m ixed and fed in to  an LK B  1216 rackbe ta  liqu id  
s c it il la t lo n  coun ter, LK B -W allac . The beta via ls were counted fo r 30 seconds 
each.
A p rin to u t o f f i t t in g  tab le  and a quench curve p lo t (e ff ic ie n c y  (%) against 
ex te rna l standard ra tio  (ESR))is shown in F ig  2.8).
( i i i)  ^H -tryp tophan  uptake
In to  a beta v ia l conta in ing  5 m l OPS was added:-
- 0.1 m l plasma (PFP)
- 0.2 m l plasma u lt ra f i l t r a te  (PDF)
- 0*5 m l each o f homogenate, cytoso l, homogenize p la te le t p e lle t, synaptosomes, 
a: id m yelin
- 10 ul, 5 pi and 2.5 pi o f saline d ilu ted  rad ioac tive  m a te ria l or
- 0.5 m l 0.32 M sucrose so lu tion  - blank
The v ia l was m ixed and counted on the LKB  1216 rackbe ta  liq u id  s c in t illa t io n  
coun ter fo r  5 m inutes.
(iv ) Inco rpora tion  o f ^H -tryp tophan  in to  bra in and p la te le t p ro te in
The p ro te in  p re c ip ita te  obtained from  the p repara tion  o f to ta l tryp tophan  in 
plasma (2.2.2 C (2)) was used. For o ther samples except fo r plasma u lt ra f i l t r a te ,  
a m o d ifica tio n  o f the m ethod o f F lexner and F lexner (1965) was used in the lig h t 
o f the very e ffe c tiv e  dispersal achieved w ith  OPS.
0.5 m l o f sample was added in to  3.0 m l 10% w /v  TC A (ice -co ld ) conta ined in a 
tes t tube. The tube was spun a fte r standing fo r  30 m inutes in the cold a t 3000 
rpm  fo r  10 m inutes a t about 4 C. The supernatant was decanted and the tube 
le f t  to  drain fo r 5 m inutes. Both the inside and the r im  o f the tube were wiped 
dry w ith  absorbent tissue paper and the p ro te in  p e lle t a t the bo ttom  o f the tube
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dissolved in 2.0 m l 2% w /v  Na^C o^ in 0.1 N NaOH (2.2.2 C (5)). The tube was 
a g ita ted , le f t  to  stand fo r  15 m inutes and f in a lly  vo rtex -m ixe d .
0.5 m l o f the p ro te in  so lu tion  was counted as described ( i i i)  above. 0.5 m l o f 
2% w /v  N a2CO^ in 0.1 N NaOH was used as the blank.
S ta tis t ic a l Method
S ta tis t ic a l analysis was ca rried  out using the Student's 't '- te s t .  In m ost cases, 
these tests were paired. How ever, in some cases, especia lly in the p la te le ts , th is  
was not possible and unpaired 't '- te s t  was ca rried  out.
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CHAPTER m
EFFECTS OF UNDERNUTRITION IN ADULT RATS ON SEROTONIN (5-HT) METABOLISM
IN THE BRAIN AND PLATELETS
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3.1 IN TR O D U C TIO N
Previous work, p redom inantly  in the ra t and reviewed in chapter I, has 
shown th a t u nde rnu trition  or ca lo ric  depriva tion  perm anently  re tards the grow th  
o f the bra in i f  i t  occurs during the period o f the brain's most rapid g row th  - the 
g row th  spurt. N o t only is the grow th  o f the bra in re tarded  during th is  period 
(Dobbing, 1964), but ce ll m u lt ip lic a tio n  (W inick and Noble, 1966) and m ye lina tion  
(Dobbing, 1968) are also perm anently  re tarded . S im ila r e ffe c ts  have also been 
observed in the pig (D ickerson e t 1967) and monkey (K e rr e t a l., 1973). The 
s tru c tu ra l developm ent o f the brain is not a ffe c te d  in the same way or to  the 
same ex ten t (Dobbing, 1981) by u nde rnu trition  a fte r  the rap id  g row th  spurt has 
occurred (D ickerson and W almsley, 1967).
Studies on the o ffsp ring  o f undernourished m others have suggested th a t 
den d ritic  g row th  is p a rtic u la r ly  susceptible to  n u tr it io n a l dep riva tion  (M era t and 
D ickerson, 1974). Using N -a ce ty lne u ra m in ic  acid (N EU N AC ) as a m arke r fo r  
den d ritic  g row th , i t  has been found th a t th is  process is se le c tive ly  re ta rded  in 
the brains o f ch ild ren  who have died w ith  PEM (D ickerson e t a l., 1982).
Studies o f brain tryp tophan and serotonin m etabolism  in the undernourished 
ra t (Pao and D ickerson, 1975) have shown th a t re s tr ic t in g  the food in take , th a t is 
energy and p ro te in , reduced brain seroton in  concentra tions o f w eanling ra ts  and 
th is  was in te rp re ted  as a c r ite r io n  o f reduced synaptic m etabo lism . H ow ever, 
synaptosomes or "p in ch e d -o ff nerve endings" were no t separated in these 
previous studies and in ferences were made fro m  analyses o f bra in regions.
Because o f the im portance o f synaptic serotonin m etabo lism  to  b ra in  
fun c tio n , th is  m a tte r appeared to  be w o rthy  o f fu r th e r inves tiga tion , p a r tic u la r ly  
as these changes occurred a fte r  the g row th  spurt. S em i-m atu re  ra ts  were 
chosen fo r investiga tions on synaptosomes and other subce llu la r fra c tio n s
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because i t  m igh t be genera lly  assumed th a t ra ts o f this age are less vulnerable to 
the e ffe c ts  o f und e rn u trition .
I t  has previously been shown in chapter I th a t p la te le ts  possess a s im ila r 
se ro tonerg ic mechanism to  the nerve endings o f the se ro ton in -con ta in ing  neurons 
o f the C en tra l Nervous System (CNS). These nerve endings or ’synaptosomes’ 
cannot be separated fo r in ves tiga tion  in liv in g  human subjects (except in the rare  
cases when biopsies can be obtained during operations.
I t  was the re fo re  o f in te res t to  ca rry  out p a ra lle l studies o f the e ffe c ts  o f 
und e rn u trition  on the serotonin m etabolism  o f blood p la te le ts , p a r tic u la r ly  as 
these have been used as models o f the ce n tra l neuronal se ro tonerg ic  mechanism 
in a ffe c tiv e  disorders (Joseph e t a l., 1977; W irz -Jus tice  and Puhringer, 1978a, b; 
S tahl e t ^ . ,  1982) and in studies o f the e ffe c ts  o f psychotropic drugs (Tuom isto 
and Tukia inen, 1976; Stahl e t a l., 1982; L ing jaerde, 1984).
^•2 MATERIALS AND METHODS
Two experim ents were ca rried  out. In the f ir s t  experim en t, 4 9 -d a y -o ld  
male ra ts  were d iv ided in to  tw o  groups close ly m atched according to  w e ig h t. 
One group, the co n tro l, had u n lim ited  access to  the norm al la b o ra to ry  d ie t and 
the o the r group, the undernourished, was given 25% i.e. one qua rte r, o f the da ily  
food consumed by its  co n tro l coun te rpa rt fo r 14 days.
In the second experim ent, the same procedure was fo llow ed  fo r  6 3 -d a y -o ld  
male ra ts fo r a duration  o f 28 days. A ll animals had free access to w a te r, and a 
da ily  record o f w e igh t and food eaten was kept.
Anim als were k ille d  by decap ita tion  a t the end o f the experim en t and blood 
and bra in samples obtained as described in chap ter II, section 2.2a. P la te le t- r ic h  
plasma (PRP) was separated from  a sample o f Na^ .  an tiooagu la ted  blood
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and the PRP obtained used fo r  p la te le t count and then ce n trifu g ed  fo r p la te le t 
p e lle t (PP). Blood p la te le t count and o the r haem ato log ica l indices were 
perfo rm ed on a liquots o f the blood sample p rio r to plasma separation. The 
p la te le t- fre e  plasma (PFP) fro m  p la te le t pe lle ting  procedure was used fo r  the 
to ta l and free  (u ltra f ilt ra b le )  plasma tryp tophan.
Tryptophan (TP), seroton in  (5 -H T ) and 5 -hydroxy indole a ce tic  acid
(5 -H IA A ) were e x trac te d  from  PP and the iso la ted subce llu la r fra c tio n s
(inc lud ing the homogenate) o f the bra in  as described in section  2.2b. A ll butanol
e x tra c ts  were analysed fo r  TP, 5 -H T  and 5 -H IA A  as w e ll as to ta l and fre e
plasma TP as described in section 2.2c. P ro te in  was dete rm ined  in a ll samples, 
except plasma.
3.3 RESULTS
^•3.1 E ffe c ts  on the Body and Brain Weights
Feeding sem i-m atu re  ra ts  (mean body w e ight o f 202 + 1(g)), one -q u a rte r o f 
the da ily  am ount o f the food consumed by th e ir  con tro ls  fo r  14 days resu lted  in a 
s ig n ifica n t reduction  in w e igh t (Table 3.1). They los t 33% o f th e ir  o rig in a l body 
w e igh t w h ile  the co n tro l gain was 40% over the same period (F igure 3.1).
The g row th  o f the brains o f the undernourished anim als was also 
s ig n ific a n tly  re tarded  (Table 3.1) compared w ith  th a t o f th e ir  con tro ls , though 
the d iffe rence  was sm alle r (90% o f the co n tro l value) than th a t in the body 
w e igh t (48% o f the co n tro l). The bra in w e igh t : body w e ight ra tio  (%) was h igher 
by about 50% in the undernourished anim als than in th e ir  contro ls .
S im ila r e ffe c ts  were observed when male ra ts  (mean body
w e ight (g) 304 + 2) were undernourished as above fo r  28 days (Table 3.2). These
anim als lost 40% o f th e ir  o rig ina l body w e igh t w h ils t the con tro ls  gained 40% 
(Figure 3.2).
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3.3.2 E ffe c ts  o f U n d e rn u tritio n  on Plasma TP
The concentra tions o f to ta l and free  (u ltra f ilt ra b le )  plasma TP o f the 
undernourished anim als were s ig n if ic a n tly  low er than th e ir  con tro ls  (Tables 3.1 
and 3.2).
E ffe c ts  o f U n d e rn u tritio n  on B iochem ica l Measurements on the Brain
(i) Whole B rain
U n d e rn u tritio n  fo r 14 days did not a ffe c t the absolute am ount o f p ro te in  in 
the whole bra in, though there  was a s ig n ifica n t increase (Table 3.1) when the 
values were expressed as a concen tra tion  (m g/g bra in). In the 28 day 
experim en t, the absolute am ount o f p ro te in  in the whole bra in o f the 
undernourished ra ts was s ig n ific a n tly  reduced (Table 3.2), but th is  d iffe re n ce  was 
not apparent when the values were expressed as a concen tra tion .
The concen tra tion  o f TP expressed per mg. p ro te in  was low er (p < 0.05) 
(Table 3.1) in the brains o f the 14 day undernourished ra ts , a lthough the 
d iffe re n ce  was not s ig n ifica n t when the values were expressed per g. o f b ra in . In 
con tras t, the concen tra tion  o f TP in the ra ts undernourished fo r  28 days was 
s im ila r to th a t o f the con tro ls  w hether the values were expressed per mg. p ro te in  
or per g. bra in (Table 3.2).
U n d e rn u tritio n , w hether fo r 14 or 28 days did not s ig n if ic a n tly  a ffe c t
e ith e r the concen tra tion  o f 5 -H T  or the am ount per mg. p ro te in  (Tables 3.1 
and 3.2).
The concen tra tion  o f 5 -H lA A  was s ig n if ic a n tly  h igher (p < 0.05) (Table 3.1)
in the ra ts  undernourished fo r 14 days compared w ith  the con tro ls , bu t again, the
d iffe rences were not apparent in the anim als undernourished fo r  28 days 
(Table 3.2).
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Table 3.1
E ffe c ts  o f 14 day U n d e rn u tritio n  on the Body W eight,
B ra in  W eight and the C oncentra tions o f B ra in ,
P ro te in , Tryptophan (TP), Serotonin (5 -H T), 5 -H yd roxy  Indole A c e tic  A c id  (5 -H IA A )
and Plasma TP in A d u lt (9 weeks old) R at
Values are: Mean + Standard E rro r o f Means (S.E.M.) fo r  6 ra ts  in each group.
Undernourished C on tro l
Body w e igh t (g): 136 + 5 * * * *  283 + 8
Brain w e igh t (g): 1.75 + 0 .0 2 * * *  1.93 +0.03
Whole Brain
P ro te in  (m g/g) 143 + 4 *  131 + 2
Am ount per whole bra in (mg) 251 + 7 252 + 4
TP (pg /g ) 14.75 + 1.17 17.46 + 1.21
(pg /m g p ro te in ) 0.10 + 0.009* 0.13 + 0.007
5 -H T  (pg /g ) 0.96 + 0.06 0.87 + 0.06
(pg /m g p ro te in ) x 10"^ 6.71 + 0.36 6.66 + 0.42
5 -H lA A  (pg /g ) 0.68 + 0 .06* 0.54 + 0.04
(pg /m g p ro te in ) X 10"^ 4.73 + 0 .38* 4.14 + 0.35
Plasma TP
T o ta l (p g /m l) 15.60 + 1 .0 0 * * *  19.58 + 0.47
Free (p g /m l) 0.25 + 0 .0 3 * * *  1.28 + 0.21
The s ta t is t ic a l s ign ificance  o f  d iffe rence  between undernourished and co n tro l groups is 
shown as *  p < 0.05; * * *  p < 0.01 and * * * *  p < 0.001.
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Table 3.2
E ffe c ts  o f 28 day U nd e rn u tritio n  on the Body W eight,
B ra in W eight and the C oncentra tions o f Bra in 
P ro te in , Tryptophan (TP), Serotonin (5 -H T), 5 -H ydroxy Indole A c e tic  A c id  (5 -H IA A ) 
and Plasma TP in A d u lt (13 weeks old) R at
Values are: Means + S.E.M. fo r 6 ra ts  in each group.
Undernourished C on tro l
Body w e igh t (g) 183 + 8 * * * *  419 + 12
Bra in  w e ight (g) 1.85 + 0 .0 3 * * * *  2.05 + 0.02
Whole Brain
P ro te in  (m g /m l) 152 + 6
TP (pg/g) 18.09 + 1.08
5 -H T  (pg /g ) 0.90 + 0.08
,-3
156 + 4
Am ount per whole bra in (mg) 280 + 1 0 * *  319 + 7
18.96 + 1.40
(pg /m g p ro te in ) 0.12 + 0.01 0.12 + 0.01
0.87 + 0.07
(pg /m g p ro te in ) x 1 0 '^  5.97 + 0.56 5.58 + 0.38
0.42 + 0.055 -H lA A  (pg /g ) 0.62 + 0.02
(pg /m g p ro te in ) x 10"^ 3.33 + 0.40 2.83 + 0.43
Plasma TP
T o ta l (p g /m l) 13.23 + 0 .6 0 * * *  19.30 + 1.30
Free (g /m l) 0.40 + 0 .0 4 * * *  1.16 + 0.11
The s ta t is t ic a l s ign ificance  o f d iffe rence  between undernourished and co n tro l groups is 
shown as * *  p < 0.02; * * *  p < 0.01 and * * * *  p < 0.001.
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( ii)  C ytosol
When the cytoso l is considered, no s ig n ifica n t d iffe rences were found in the 
concentra tions o f TP, 5 -H T  and 5 -H IA A  in the ra ts undernourished fo r 14 days 
(Table 3.3) when compared w ith  th e ir  con tro ls . The only d iffe re n ce  w hich was 
s ta t is t ic a lly  s ig n ifica n t was in the low er concen tra tion  o f TP in the cytoso l o f 
the ra ts  undernourished fo r 28 days (Table 3.4).
( i i i)  M ye lin
C oncentra tions o f TP, 5 -H T  and 5 -H IA A  were a ll s ig n ific a n tly  low er 
(Table 3.5) in the m ye lin  separated from  the brains o f ra ts  undernourished fo r 
14 days than in th e ir  contro ls , but these d iffe rences were not present in m ye lin  
separated fro m  the brains o f ra ts  undernourished fo r  28 days (Table 3.6).
(iv ) Synaptosomes
U n d e rn u tritio n  did not s ig n ific a n tly  a ffe c t the levels o f synaptosom al TP, 
5 -H T  or 5 -H IA A  in 14 day undernourished ra ts  when compared to  th e ir  con tro ls  
(Table 3.7). S im ila r e ffe c ts  were also observed in the ra ts  undernourished fo r  
28 days except th a t the synaptosomal 5 -H T  was s ig n if ic a n tly  reduced (Table 3.8) 
in the undernourished compared w ith  the con tro l.
3.3.4 E ffe c ts  o f U n d e rn u tritio n  on Blood P la te le ts
The number o f p la te le ts  per m l. blood was low er in both groups o f 
undernourished ra ts  (Tables 3.9 and 3.10) when compared w ith  th e ir  con tro ls , 
though the d iffe rence  was s ta t is t ic a lly  s ig n ifican t only in the anim als 
undernourished fo r  28 days (Table 3.10). However, the num ber o f p la te le ts  in the 
PRP was much low er in both groups o f undernourished ra ts  (p < 0.01) (Table 3.9) 
and (p < 0.01) (Table 3.10).
In both experim ents, the values fo r p la te le t TP, 5 -H T  and 5 -H IA A  were
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Table 3.3
E ffects o f 14 day Undernutrition on the Concentrations of
Tryptophan (TP), Serotonin (5-HT) and 5-Hydroxy Indole A ce tic  Acid (5-H IAA)
in Adult (9 weeks old) Rat Brain Cytosol
Values are: Means + S.E.M. fo r  6 ra ts  in each group.
Undernourished C on tro l
TP (ug /m g p ro te in ) 0.53 + 0.06 0.59 + 0.05
5 -H T  (pg /m g p ro te in ) 0.02 + 0.002 0.02 + 0.002
5 -H IA A  (pg /m g p ro te in ) 0.04 + 0.006 0.03 + 0.004
Table 3.4.
E ffe c ts  o f 28 day U n d e rn u tritio n  on the C oncentra tions o f 
T ryptophan (TP), Serotonin (5 -H T ) and 5 -H yd roxy  Indole A c e tic  A c id  (5 -H IA A ) 
in A d u lt (13 weeks old) R at B rain Cytosol
Values are: Means + S.E.M. fo r  6 ra ts  in each group.
Undernourished C on tro l
TP (pg/m g p ro te in ) 0.68 + 0 .0 4 * * *  0.75 + 0.05
5 -H T  (pg /m g p ro te in ) 0.03 + 0.002 0.03 + 0.003
5 -H IA A  (pg /m g p ro te in ) 0.01 + 0.002 0.01 + 0.001
The s ta t is t ic a l s ign ificance  o f d iffe rence  between undernourished and co n tro l qrouos is 
shown as * * *  p < 0.01.
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Table 3.5
E ffects o f 14 day Undernutrition on the Concentrations of
Tryptophan (TP), Serotonin (5-HT) and 5-Hydroxy Indole A ce tic  Acid (5-H IAA)
in Adult (9 weeks old) Rat Brain Myelin
Values are: Means + S.E.M. fo r 6 ra ts  in each group
Undernourished C on tro l
TP (pg /m g p ro te in ) 0.04 + 0 .003* 0.05 + 0.005
5 -H T  (pg /m g p ro te in ) 0.06 + 0.005* 0.08 + 0.004
5 -H IA A  (pg /m g p ro te in ) . 0.05 + 0 .0 0 1 * * *  0.08 + 0.007
The s ta tis t ic a l s ign ificance  o f d iffe re n ce  between undernourished and c o n tro l qrouos is 
shown as *  p < 0.05 and * * *  p < 0.01.
Table 3.6
E ffe c ts  o f 28 day U nd e rn u tritio n  on the C oncentra tions o f 
Tryptophan (TP), Serotonin (5 -H T ) and 5 -H yd roxy  Indole A c e tic  A c id  (5 -H IA A ) 
in A d u lt (13 weeks old) R at B rain M yelin
Values are Means + S.E.M. fo r  6 ra ts  in each group
Undernourished C o n tro l
TP (pg/m g p ro te in ) 0.05 + 0.003 0.05 + 0.004
5 -H T  (pg/m g p ro te in ) 0.08 + 0.006 0.09 + 0.007
5 -H IA A  (pg /m g p ro te in ) 0.01 + 0.002 o .O l + 0.001
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Table 3.7
E ffects of 14 day Undernutrition on the Concentrations of
Tryptophan (TP), Serotonin (5-HT) and 5-Hydroxy Indole A ce tic  Acid (5-H IAA)
in Adult (9 weeks old) Rat Brain Synaptosomes
Values are: Means + S.E.M. fo r 6 ra ts  in each group.
Undernourished C on tro l
TP (pg /m g p ro te in ) 0.06 + 0.006 0.07 + 0.008
5 -H T  (pg/m g p ro te in ) 0.17 + 0.007 0.16 + 0.016
5 -H IA A  (pg /m g p ro te in ) ’ 0.03 + 0.002 0.03 + 0.003
Table 3.8
E ffe c ts  o f 28 day U nd ern u tritio n  on the C oncentra tions o f 
T ryptophan (TP), Serotonin (5 -H T ) and 5 -H yd roxy Indole A c e tic  A c id  (5 -H IA A ) 
in A d u lt (13 weeks old) R at B rain Synaptosomes
Values are: Means + S.E.M. fo r  6 ra ts  in each group
Undernourished C on tro l
TP (pg /m g p ro te in ) 0.07 + 0.008 0.08 + 0.007
5 -H T  (pg/m g p ro te in ) 0.11 + 0 .01* 0.13 + 0.01
5 -H IA A  (pg/m g p ro te in ) 0.02 + 0.001 0.02 + 0.001
The s ta tis t ic a l s ign ificance  o f d iffe rence  between undernourished and co n tro l groups is 
shown as *  p < 0.05.
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Table 3.9 -
E ffects  o f 14 day Undernutrition on the P la te le t Count and Concentrations o f
Tryptophan (TP), Serotonin (5-HT) and 5-Hydroxy Indole A ce tic  Acid (5 -H IA A)
in P latelets o f Adult (9 weeks old) Rat
Values are: Means + S.E.M. fo r 5 ra ts  in each group.
Undernourished C on tro l
P la te le t count (x 10^/m l)
Blood 7.62 + 0.96 9.35 + 0.58
PRP+ 2.81 + 0 .8 4 * * * 8.14 + 0.14
TP (ng/m g p la te le t p ro te in ) 0.21 + 0 .0 2 4 * * * 0.10 + 0.008
(pg/lO® p la te le ts ) x 10” ^ 119.68 + 8 .9 3 * * * * 25.68 + 1.41
5 -H T (ug /m g p la te le t p ro te in ) 0.58 + 0 .0 3 4 * * * * 0.18 + 0.005
(pg/10® p la te le ts ) x 10"^ 290.68 + 3 5 .2 8 * * * 48.44 + 1.00
5 -H IA A (ug /m g p la te le t p ro te in ) 0.08 + 0 .0 1 * * * * 0.01 + 0.001
(ug /10^ p la te le ts ) x 10"^ 34.56 + 6 .1 8 * * * 2.69 + 0.19
P la te le t- r ic h  plasma
The s ta t is t ic a l s ign ificance  o f d iffe rence  between undernourished and co n tro l groups is 
shown as * * *  p < 0.01 and * * * *  p < 0.001. ^ ^
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Table 3.10
E ffects o f 28 day Undernutrition on the P la te le t Count and Concentrations of
Tryptophan (TP), Serotonin (5-HT) and 5-Hydroxy Indole A ce tic  Acid (3 -H IA A )
in P latelets o f Adult (13 weeks old) Rat
Values are: Means + S.E.M. fo r 6 ra ts  in the co n tro l group and 
4 ra ts  in the undernourished group.
P la te le t count (x lO ^ /m l)
Undernourished C on tro l
Blood 6.32 + 0 .7 8 ** 7.85 + 0.42
PRP+ 2.62 + 0 .4 5 * * * 7.26 + 0.36
TP . (ug /m g p la te le t p ro te in ) 0.19 + 0 .0 1 5 * * * * 0.09 + 0.005
(ug/lO® p la te le ts ) x 10"^ 68.28 + 12.65* 21.65 + 1.28
5 -H T  (ug /m g p la te le t p ro te in ) 0.67 + 0 .0 4 * * * * 0.15 + 0.006
(ug /10^ p la te le ts ) x 10"^ 174.33 + 37.76* 35.67 + 1.94
5 -H IA A  (ug/m g p la te le t p ro te in ) 0.04 + 0 .008* 0.01 + 0.001
(ug/10® p la te le ts ) x 10” ^ 9.95 + 1 .3 0 ** 2.17 + 0.17
P la te le t- r ic h  plasma
Jhown a f i ’p < pT  o f o S  -
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s ig n if ic a n tly  h igher in the p la te le ts  o f the undernourished ra ts  than in the 
con tro ls  (Tables 3.9 and 3.10).
3*3.5 E ffe c t o f U n d e rn u tritio n  on Serotonin (5 -H T) M etabolism  in R at B rain 
Synaptosomes and P la te le ts
The concentra tions o f TP and 5 -H T  were s ig n ific a n tly  h igher in the 
p la te le ts  o f the undernourished anim als compared w ith  those in the synaptosomes 
o f the same anim als (Tables 3.11 and 3.12). In con tras t, d iffe rences  in the 
concentra tions o f these constituen ts  in the synaptosomes and p la te le ts  o f co n tro l 
anim als were not s ta t is t ic a lly  s ig n ific a n t. The concentra tions o f 5 -H IA A  in the 
p la te le ts  o f the undernourished animals were also s ig n if ic a n tly  h igher than in 
synaptosomes fo r the same anim als. In con tras t, the concen tra tions o f 5 -H IA A  
in the p la te le ts  o f the co n tro l anim als were s ig n if ic a n tly  lo w e r than in 
synaptosomes.
3*3.6 E ffe c t o f Age on the B iochem ica l Measurements on the Plasma, B ra in  and 
P la te le ts
(i) Plasma
The concentra tions o f to ta l and free  (u ltra f ilt ra b le )  plasma TP showed 
evidence o f an age -re la ted  e ffe c t (p < 0.05) only in the undernourished ra t 
(Table 3.13).
( ii)  B rain
The s ig n ifica n t increase o f the absolute amount o f bra in p ro te in  w ith  aging 
ra t bra in  tissue was low er in the undernourished (p < 0.05) than the c o n tro l 
(p K 0.001) (Table 3.13). A lthough the increase in the concen tra tion  o f bra in 
p ro te in  was not s ig n ifica n t in the undernourished group, the re  was high 
s ign ificance  (p < 0.001) (Table 3.13) in the co n tro l group o f the aging ra t brains.
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Table 3.11
E ffects o f 14 day Undernutrition on the Concentrations of
Tryptophan (TP), Serotonin (5-HT) and 5-Hydroxy Indole A ce tic  Acid (3-H IAA)
in Adult (9 weeks old) Rat Synaptosomes and Platelets
Values (ug /m g p ro te in ) are: Means + S.E.M. fo r  the number o f ra ts
shown in parenthesis
TP
Synaptosomes (5) 
P la te le ts  (5)
Undernourished
0.06 + 0.01 
0.20 + 0.03'^+'^'^
C on tro l
0.09 + 0.01 
0.10 + 0.01
5 -H T
Synaptosomes (5) 
P la te le ts  (5)
0.12 + 0.002
0.58 + 0.04 ++++
0.13 + 0.03 
0.18 + 0.01
5 -H IA A
Synaptosomes (5) 
P la te le ts  (5)
0.03 + 0.001 
0.08 + 0.01'^+'^+
0.03 + 0.001 
0.01 + 0.001* * * *
The s ta t is t ic a l s ign ificance  o f d iffe rences between synaptosomes and p la te le ts  are 
shown as p < 0.001 in the undernourished and * * * *  p < 0.001 in the co n tro l.
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Table 3.12
E ffects  o f 28 day Undernutrition on the Concentrations of
Tryptophan (TP), Serotonin (5-HT) and 5-Hydroxy Indole A ce tic  Acid (5 -H IA A)
in Adult (13 weeks old) Rat Synaptosomes and Platelets
Values (ug /m g p ro te in ) are: Means + S.E.M. fo r the num ber o f ra ts
shown in parenthesis
TP
Synaptosomes (5) 
P la te le ts  (6)
Undernourished
0.07 + 0.01
0.24 + 0.04+++
C on tro l
0.07 + 0.01 
0.09 + 0.01
5 -H T
Synaptosomes (5) 
P la te le ts  (6)
0.10 + 0.01
0.60 + 0.10 ++++
0.13 + 0.01 
0.15 + 0.01
5 -H IA A
Synaptosomes (5) 
P la te le ts  (6)
0.01 + 0.003 
0 04 + 0.01'^'*'
0.02 + 0.003 
0.01 + 0.001*
The s ta t is t ic a l s ign ificance  o f d iffe rences between synaptosomes and p la te le ts  are
shown as P < 0.02; + + + ;<  0.01 anh + + + + p<  0.001 in the undernourished and 
*  p < 0.05 in the co n tro l.
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There was no s ig n ifica n t age -re la ted  e ffe c t observed in both the 
undernourished and c o n tro l animals w ith  respect to  the concentra tions o f TP, 
5 -H T  and 5 -H IA A  in the ra t bra in (Table 3.13).
The progressive increase in ra t bra in soluble cy top lasm ic  (cytoso l) levels o f 
TP and decline in 5 -H IA A  w ith  ageing showed a s ig n ifica n t age -re la ted  e ffe c t 
(p < 0.01 and p < 0.001) (Table 3.14) in both undernourished and co n tro l groups 
respec tive ly , but there was none dem onstrated in the levels o f cy toso lic  5 -H T .
A s im ila r age -re la ted  e ffe c t was observed in the leve ls o f the m ye lin  
5 -H IA A  but not w ith  the TP, in which there were no d iffe rences in both groups 
o f animals (Table 3.15). However, the undernourished anim als showed a s ligh t 
age -re la ted  progressive e ffe c t (p < 0.05) (Table 3.15) in 5 -H T  levels.
A s ig n ifica n t decline w ith  ageing was observed in the leve ls o f 
synaptosomal 5 -H IA A  (p < 0.02) in both the undernourished and the co n tro l 
groups respec tive ly  (Table 3.16), but th is  was not apparent in the concen tra tion  
o f synaptosomal TP and 5 -H T  in both groups o f experim en ta l anim als.
( iii)P la te le ts
P la te le t TP and 5 -H T , when expressed as a ra tio  to  p la te le t p ro te ins, did 
not ind ica te  any a g e -e ffe c t in both undernourished and c o n tro l groups; bu t when 
these values were expressed per 10® p la te le t ce lls , a s ig n ifica n t decline in 
a ge -re la ted  e ffe c t was dem onstrated in the concentra tions o f p la te le t TP 
(p < 0.05) only in the undernourished anim als and 5 -H T  (p < 0.05 and p < 0.001) 
(Table 3.17) in both undernourished and co n tro l animals respec tive ly . The same 
a g e -e ffe c t was seen only in the undernourished ra t (p < 0.05) when p la te le t 
5 -H IA A  was considered.
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Table 3.13
E ffe c ts  o f Age on the C oncentra tions o f Brain P ro te in ,
T ryptophan (TP), Serotonin (5 -H T ), 5 -H yd roxy  Indole A c e tic  A c id  (5 -H IA A )
2
and Plasma TP in 9 and 13 week old Male A lb ino  R at Brains 
Values are: Means + S.E.M. fo r 6 ra ts in each group.
Whole Brain
Undernourished C on tro l
P ro te in  (m g/g)
9 weeks 143 + 4 131 + 2
13 weeks 152 + 6 156 + 4 * * * *
Am ount per whole bra in  (mg)
9 weeks 251 + 7 252 + 4
13 weeks 280 + 10^ 319 + 7 * * * *
TP (ug /g )
9 weeks 14.75 + 1.17 17.46 + 1.21
13 weeks 18.09 + 1.08 18.96 + 1.40
TP (ug/m g p ro te in )
9 weeks 0.10 + 0.009 0.13 + 0.007
13 weeks 0.12 + 0.01 0.012 + 0.005
5 -H T  (ug/g)
9 weeks 0.96 + 0.06 0.87 + 0.06
13 weeks 0.90 + 0.08 0.87 + 0.07
-3  — —
5-H T  (ug/m g p ro te in ) x 10"
9 weeks 6.71 + 0.36 6.66 + 0.42
13 weeks 5.97 + 0.56 5.58 + 0.38
5 -H IA A  (ug/g)
9 weeks 0.68 + 0.06 0.54 + 0.04
13 weeks 0.62 + 0.02 0.42 + 0.05
_ - Z  —  —
5 -H IA A  (ug/m g p ro te in ) x 10"
9 weeks 4.73 + 0.38 4.14 + 0.35
13 weeks 3.33 + 0.40 2.83 + 0.43
Plasma TP (u g /m l)
9 weeks (5) 15.60 + 1.00 19.58 + 0.47
13 weeks 13.23 + 0.60 (4)+ 19.30 + 1.30 (6)
1. Rats undernourished fo r 14 days. 2. Rats undernourished fo r 28 days.
S ta tis tic a l s ign ificance  o f d iffe rences between the tw o ages are shown as p < 0.05 
fo r undernourished and * * * *  p < 0.001 fo r co n tro l groups.
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Table 3.14
E ffe c ts  o f Age on C oncentra tions o f
Tryptophan (TP), Serotonin (5 -H T ) and 5 -H yd roxy  Indole A c e tic  A c id  (5 -H IA A ) 
T ' 2 — — —
in 9 and 13 week old Male A lb ino  R at Brain C ytosol
Values are: Means + S.E.M. fo r 6 ra ts  in each group.
TP (ug /m g p ro te in )
9 weeks 
13 weeks
5 -H T  (ug/m g p ro te in )
9 weeks 
13 weeks
5 -H IA A  (ug/m g p ro te in ) 
9 weeks 
13 weeks
Undernourished
0.53 + 0.06 
0.68  + 0 .04+"^+
0.02  + 0.002 
0.03 + 0.002
0.04 + 0.006 
0.01 + 0.002++++
C on tro l
0.59 + 0.05
0.75 + 0 .0 5 * * *
0.02 + 0.002
0.03 + 0.003
0.03 + 0.004
0.01 + 0.001* * * *
1. Rats undernourished fo r 14 days. 2. Rats undernourished fo r 28 days.
S ta tia t|ca l s ign ificance  o f d iffe rences between the tw o ages are shown as p < 0.01 
and p < 0.001 fo r undernourished animals and * * *  p < 0.01 and * * * *  p < 0.001 fo r 
the contro ls .
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Table 3.15
E ffects of Age on the Concentrations o f
Tryptophan (TP),^Serotonin (5-HT) and 5-Hydroxy Indole A ce tic  Acid (5-H IAA)
2IL? 3nd 13 week old Male Albino Rat Brain Myelin
Values are: Mean + S.E.M. fo r  6 ra ts in  each group.
Undernourished C on tro l
TP (ug /m g p ro te in )
^ weeks 0.04 + 0.003
13 weeks 0.05 + 0.003
5 -H T  (ug/m g p ro te in )
^ 0.06 + 0.005
0.05 + 0.005 
0.05 + 0.004
0.08 + 0.004
13 weeks g.08 + 0.006"^ 0.09 + 0.007
5 -H IA A  (ug/m g p ro te in )
^ weeks 0.05 + 0.001
13 weeks 0.01 + 0.002++++
0.08 + 0.007 
0.01 + 0.001* * * *
1. Rats undernourished fo r  14 days. 2. Rats undernourished fo r 28 days. 
S ta t . t :c a l ^ ' g ^ f ' ^ ^ - J j ' f f e r e n o e ^  a o O l^ ^ r  o o n ta lT . ^
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Table 3.16
E ffe c ts  o f Age on the C oncentra tions o f
Tryptophan (TP), Serotonin (5 -H T ) and 5 -H yd roxy Indole A c e tic  Acid  (5 -H IA A )T 2 r—————— — —
in 9 and 13 week old Male A lb ino  R at B ra in Synaptosomes 
Values are; Means + S.E.M. fo r 6 ra ts  in each group.
Undernourished C on tro l
TP (ug/m g p ro te in )
9 weeks 0.06 + 0.006 0.07 + 0.008
13 weeks 0.07 + 0.008 0.08 + 0.007
5 -H T  (ug /m g p ro te in )
9 weeks 0.17 + 0.007 0.16 + 0.016
13 weeks 0.11 + 0.01 0.13 + 0.01
5 -H IA A  (ug/m g p ro te in )
9 weeks 0.03 + 0.002 0.03 + 0.003
13 weeks 0.02 + O.OOl'^'^ 0.02 + 0 .0 0 1 **
1. Rats undernourished fo r  14 days. 2. Rats undernourished fo r 28 days.
S ta tis t ic a l s ign ificance  o f d iffe rences between the tw o ages are shown as p < 0.02 
and * *  p < 0.02 fo r  both undernourished and co n tro l groups respec tive ly .
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Table 3.17
E ffe c ts  o f age on the P la te le t Count and C oncentra tions o f 
Tryptophan (TP), Serotonin (5 -H T ) and 5 -H yd roxy Indole A c e tic  A c id  (5 -H IA A ) 
in P la te le ts  o f 9^ and 13^ week old Male A lb ino  Rats.
Values are: Means + S.E.M. fo r number o f animals in parenthesis.
Undernourished C on tro l
9.35 + 0.58 
7.85 + 0.42 (6)
8.14 + 0.14 
7.26 + 0.36 (6)
0.10 + 0.008 
0.09 + 0.005 (6)
P la te le t count (x 10®/ml)
Blood 9 weeks (5) 7.62 + 0.96
13 weeks 6.32 + 0.78 (4)
PRP"^ 9 weeks (5) 2.81 + 0.84
13 weeks 2.62 + 0.45 (4)
TP (ug /m g p la te le t p ro te in )
9 weeks (5) 0.21 + 0.024
13 weeks ' 0.19 + 0.015 (4)
TP (ug/10® p la te le ts ) x 10"^
9 weeks (5) 119.68 + 8.93 ^ 25.68 + 1.41
13 weeks 68.28 + 12.65 (4) 21.65 + 1.28 (6)
5 -H T  (ug/m g p la te le t p ro te in )
9 weeks (5) 0.58 + 0.034 0.18 + 0.005
0-67 + 0.04 (4) 0.15 + 0.006 (6)
5 -H T  (ug/10 p la te le ts ) x 10"
9 weeks 290.68 + 35.28 ^ 48.44 + 1.00
'^Geks 174.33 + 37.76 (4)^ 35.67 + 1.94 ( 6 ) * * * *
5 -H IA A  (ug/m g p la te le t p ro te in )
9 weeks (5) 0.08 + 0.001 0.01 + 0.001
13 weeks 0.04 + 0.008 (4) 0.01 + 0.001 (6)
5 -H IA A  (ug/10 p la te le ts ) x 10"^
9 weeks (5) 34.56 + 6.18 2.69 + 0.19
weeks 9.95 + 1.30 (4)+ 2.17 T  0.17 (6)
1. Rats undernourished fo r  14 days. 2. Rats undernourished fo r  28 days. 
^ P la te le t- r ic h  plasma
%:77mo%hêr%****%T%i t ' Z o i s :
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There was no s ig n ifica n t age -re la ted  e ffe c t on the number o f p la te le ts  
per m l. blood or p la te le t- r ic h  plasma (PRP) in both undernourished and co n tro l 
groups at the ages (9 and 13 weeks) investiga ted.
3.3.7 C o rre la tio n  C o e ffic ie n ts  (r) fo r  the R elationships between the D if fe re n t 
C onstituents  D eterm ined (Table 3.18)
There were s ig n ifica n t negative co rre la tions  between the num ber o f
p la te le ts  per m l. PRP and concentra tions o f p la te le t 5 -H T  (r = -0.9107; p < 0.02)
in the 49 day old con tro ls  and (r = -0.7303; p = 0.05) in the 63 day old con tro ls .
These co rre la tions  were not s ig n ifica n t however, in the undernourished anim als
o f both groups. In con tras t, the co rre la tions  o f the num ber o f p la te le ts
per m l. PRP w ith  to ta l plasma TP in the undernourished anim als (r = 0.8058;
p -  0.05) and (r = 0.9573; p = 0.02) o f both groups were not apparent in the 
co n tro l groups.
There were no s ig n ifica n t co rre la tions  between the b iochem ica l 
constituen ts  investiga ted  e ith e r w ith in  the synaptosomes or p la te le ts  in the 
14 day experim en ta l group. S im ila rly , none existed in the 28 day expe rim en ta l 
group except th a t found w ith in  the p la te le ts  between concentra tions o f TP and 
5 -H T  (r = 0.8067; p < 0.05) in the co n tro l anim als. In the 14 day con tro ls , 
p la te le t TP concen tra tion  was also co rre la ted  w ith  the concen tra tion  o f 
synaptosomal TP (r = 0.8911; p = 0.02) and both 5 -H T  and 5 -H IA A  a t 95% 
confidence (r = 0.7157 and r  = -0.7871) in the 14 day co n tro l anim als. These 
co rre la tions were not observed in the undernourished group. In con tras t, the 
co rre la tion  o f to ta l plasma TP concen tra tion  w ith  the concen tra tion  o f p la te le t 
5 -H T  (r = -0.9300; p < 0.05) in the undernourished anim al was not seen in the 
contro ls .
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Table 3.18
C o rre la tion  C o e ffic ie n ts  (r) fo r the Relationships between the 
D if fe re n t C onstituents  D eterm ined
(r) value fo r num ber o f ra ts  in parenthesis.
Synaptosomes
Period o f 
U n d e rn u tritio n
Undernourished C on tro l
TP V 5-H T (14) (6) 0.3563 0.0992
(28) (6) 0.0294 -0.5577
TP V 5 -H IA A (14) (6) -0.1195 -0.6197
(28) (6) X 0.1491
5 -H T  V 5 -H IA A (14) (6) 0.1491 -0.2402
(28) (6) X 0.4879
P la te le ts
TP V 5 -H T (14)
(28)
0.5940 (4) 
0.0457 (4)
0.6566 (5) 
0.8067 (6 )*
TP V 5 -H IA A (14)
(28)
0.1390 (5) 
0.8372 (4)
X
X
5 -H T  V 5 -H IA A  (14)
(28)
Synaptosomes v P la te le ts
0.6952 (4) 
-0.5072 (4)
X
X
TP (14)
(28)
0.7607 (5) 
-0.8214 (4)
0.8911 (5 ) * *  
0.3644 (6)
5 -H T (14)
(28)
0.4732 (5) 
0.9342 (4 )*
-0.6048 (5) 
-0.3179 (6)
5 -H IA A (14)
(28)
0.4767 (5) 
X
X
X
*  = C o rre la tion  s ig n ifica n t a t p < 0.05
* *  = C o rre la tion  s ig n ifica n t a t p < 0.02
X = C o rre la tion  C o e ffic ie n t cannot be computed.
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The high co rre la tions  between the concentra tions o f p la te le t 5 -H T  and
synaptosomal 5 -H IA A  (r = 0.9238; p < 0.02) and between synaptosomal 5 -H T  and
p la te le t 5 -H IA A  (r = 0.9731; p < 0.01) in the 14 day undernourished animals were
not observed in the con tro ls . S im ila r ly , 5 -H T  concentra tions in both the
p la te le ts  and the synaptosomes o f the 28 day undernourished anim als were
co rre la ted  (r = 0.9342; p < 0.05), and again, th is  was not apparent in the co n tro l 
anim als.
O ther re levan t co rre la tions  not apparent in the 28 day undernourished ra ts  
were the concentra tions o f to ta l plasma TP w ith  bra in 5 -H T  (r = -0.8491; 
p < 0.02), synaptosomal TP w ith  brain 5 -H T  (r = -0.7918; p < 0.05) and 
synaptosomal TP w ith  bra in TP (r = 0.8619; p < 0.02) in the con tro ls . S im ila r 
co rre la tions  in the 14 day co n tro l anim als were observed between the 
concentra tions o f to ta l plasma TP w ith  bra in  5 -H T  (r = -0.8024; p < 0.05) and 
to ta l plasma TP w ith  synaptosomal 5 -H T  (r = 0.8769; p < 0.05). These were not 
found in the undernourished animals.
3.4 DISCUSSION
3*4.1 The Body W e igh t-B ra in  W eight Relationships
The mean body weights were s ig n ific a n tly  reduced in the te s t anim als 
during the period o f ca lo ric  depriva tion  in both experim ents. The mean bra in  
weights were also s im ila r ly  reduced in the same period.
The brain w e ight : body w e ight ra tio  was much higher in the undernourished 
ra ts  than in th e ir  contro ls , ind ica ting  th a t the body w e igh t was much more 
a ffe c te d  by unde rnu trition . These find ings are in agreem ent w ith  the v iew  th a t 
there is a re la tive  'sparing' o f the brain in undernourished anim als (Dobbing and 
Sands, 1971).
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The present find ings are also in keeping w ith  the re p o rt o f D ickerson e t a l. 
(1972) th a t a more severe n u tr it io n a l depriva tion  a fte r weaning was needed to  
obta in  the same sort o f changes observed in undernourished prew eanling anim als. 
P reviously, Dobbing and Widdowson (1965) and D ickerson and W almsley (1967) 
had shown th a t m ild  und e rn u trition  did not a ffe c t expe rim en ta l ra ts  a fte r  th e ir  
g row th  spurt had occurred.
S im ila r find ings, i.e . high bra in w e igh t : body w e ight ra tio s  were obtained 
in studies o f  the brains o f ch ild ren  who died o f kw ash iorkor or marasmus in 
Uganda (Brown, 1966) and Jamaican ch ild ren  who died o f PEM a fte r  one year o f 
l ife  (D ickerson e t a l., 1982).
3.4.2. Plasma TP
T o ta l and free  (u ltra f ilt ra b le )  plasma TP were low er in both  undernourished 
groups than in th e ir  con tro ls  w ith  g rea te r m agnitude o f reduction  seen in the 
free  fra c tio n . In the 14 day anim als these find ings agree w ith  those o f 
Fernstrom  and W urtm an (1971a, b) fo r to ta l TP and o f K n o tt and Curzon (1972) 
fo r free  u lt ra f i lt ra b le  TP, but in the animals undernourished fo r  28 days a s im ila r 
re la tionsh ip  did not ex is t.
3.4.3 B ra in  C onstituents
(i) Whole Brain
The absolute amount o f p ro te in  in the brain o f the sem i-m a tu re  49 day old 
male ra ts  th a t were on the shorte r (14 days) period o f c a lo r if ic  dep riva tion , 
seemed to  be preserved, w h ile  th is  was s ig n ifica n tly  reduced in the 91 day old 
ra ts  th a t had been undernourished fo r  28 days.
As shown in the g row th  curves, these animals were s t i l l  grow ing probably in 
Stage 11b (la te r period o f grow th  in size - hypertrophy) (Sands e t a l., 1979) w ith
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m ye lina tion , g lia l ce ll m u lt ip lic a tio n  and p ro te in  deposition tak ing  place 
(Benjamins and McKhann, 1976). N u tr it io n a l dep riva tion  a ffe c ts  p ro te in  
deposition and lip id  accum ula tion  in the brain and both these processes have been 
found to  be re tarded  or delayed in ch ild ren  who died o f m a ln u tr it io n  (Rosso e t 
a l., 1970; Dobbing and Sands, 1973) and in ra ts  (Dobbing and Sm art, 1973). The 
e ffe c ts  on p ro te in  deposition were eviden t also in the present study.
The concen tra tion  o f tryp tophan  (TP) in the brains o f ra ts  undernourished 
fo r  14 days was low er than in the con tro ls , whereas m a ln u tr it io n  fo r  28 days did 
not change th is  measurement.
U n d e rn u tritio n , e ithe r fo r  14 or 28 days, did not a ffe c t the concen tra tion  
o f seroton in  in the brain and i t  would the re fo re  seem th a t seroton in  biosynthesis 
was not a ffe c te d  by ca lo ric  depriva tion  in e ithe r group in sp ite o f the d if fe re n t 
brain leve ls o f TP in the tw o groups o f experim en ta l anim als.
In comparison w ith  the brain seroton in , the brain 5 -H IA A  was raised in the 
undu nourished animals compared w ith  the con tro ls . In the se m i-m a tu re  ra ts  
undernourished fo r 14 days, brain 5 -H IA A  co rre la ted  s ig n ific a n tly  w ith  b ra in  TP 
and seroton in . These re la tionsh ips were not apparent in the con tro ls . In the 
anim als undernourished fo r 28 days the co rre la tions were reversed w ith  a 
s ig n ifica n t co rre la tion  in the con tro ls  and no s ig n ifica n t co rre la tio n  in the 
undernourished animals.
( ii)  C ytosol
The high concen tra tion  o f TP in the cytoso l o f both the undernourished and 
co n tro l anim als, though reduced in the fo rm e r, suggests th a t p ro te in  synthesis 
must be going on predom inantly  in the cytop lasm  o f the neurons.
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T ryp tophan -5 -hydroxylase, a ty p ic a l m ixed func tion  oxygenase, occurring  
m a in ly  in the cy top lasm ic  fra c tio n  o f the nerve-endings (synaptosomes) is also 
found in very sm all qua n tity  in the ce ll bodies o f the se ro ton in -con ta in ing  
neurons located in the raphe nucle i (D ah lstrom  and Fuxe, 1965a), and hence th is  
would account fo r the sm all am ount o f serotonin found in the cy toso lic  
su b -ce llu la r fra c tio n  observed in th is  study.
( i i i)  M ye lin
When compared w ith  con tro ls , the concentra tions o f TP, sero ton in  and 
5 -H IA A  e x trac te d  from  the m ye lin  o f the undernourished anim als were 
s ig n if ic a n tly  reduced in the 14 day ra ts  but not in those undernourished fo r  
28 days. The presence o f these brain constituen ts  con firm s the re p o rt o f 
G raham e-Sm ith  (1968) th a t about 38% o f the to ta l am ount o f 
tryp tophan -5 -hydroxy lase  in the crude m itochond ria l fra c tio n  (Pg) o f the bra in  
was a ttr ib u te d  to  the m ye lin  fra c tio n . I t  has also been shown th a t seroton in  
found in the m ye lin  (butanol e x tra c t)  is f irm ly  bound to  the p ro te o lip id  po rtion  o f 
m ye lin  (M iyakawa and Ish itan i, 1982).
(iv ) Synaptosomes
The resu lts o f the investiga tion  on the constituen ts  measured in the 
synaptosomes suggests th a t the synaptosomes were res is tan t to  the e ffe c ts  o f 
u nd e rn u trition . Thus, unde rnu trition  did not a ffe c t the concen tra tions o f TP, 
seroton in  and 5 -H IA A  in sp ite o f changes in o the r fra c tion s . The mechanism o f 
e n try  o f nu trien ts  across the synaptosomal membrane is s im ila r to  th a t w h ich  
occurs in the bra in (G raham e-Sm ith  and P a r f i t t ,  1970; H e rre ro  e t a l., 1983). 
However, in sp ite o f th is  s im ila r ity , synaptosome serotonin m etabo lism  seems to  
be preserved in the face o f the d e fic its  in bra in  TP found in the 14 day anim als.
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3.4.4 Platelets
The number o f p la te le ts  counted in blood and plasma o f the undernourished 
an.mals was considerably low er than in the con tro ls . The p ro te in  con ten t o f the 
P la te le ts  was also reduced. The concentra tions o f TP, sero ton in  and 5 -H IA A
■ were increased by und e rn u trition  w hether expressed as a ra t io  to  p la te le t p ro te in  
or per 10® ce lls .
Two pro te ins which bind seroton in  sp e c ifica lly  and re la t iv e ly  f irm ly  fo r 
storage in tra c e llu la r ly  in p la te le ts  are a lbum in and a g lycop ro te in  (T am ir e t
the se ro ton in -b ind ing  p ro te in  (SBP) o f the 
bra in . C h a rac te riza tio n  o f these se ro ton in -b ind ing  pro te ins o f p la te le ts  has 
shown th a t the album in po rtion  has the same physical p rope rties  as serum or 
Plasma a lbum in, suggesting the re fo re , th a t i t  could be much m ore vu lnerab le  to 
u nde rnu trition  than its  coun te rpa rt, the g lycopro te in .
The ce n tra l synaptic SBP (Tam ir and Huang, 1984) w h ich  is not de tec ted  in
the se ro to n in -s to ring  granules o f the p la te le ts  (Huang e t a l., 1982) pa ra lle ls  the
d :s tn b u tio n  o f serotonin in the brain (Tam ir and Kuhar, 1975), and p ro te c ts
seroton in  from  deam ination by in t ra -  and extra-synap tosom a l m ito ch on d ria l
monoamine oxidase (M AO) (Tam ir and Rapport, 1978). These func tions  are
id e n tica l in the p la te le ts . Gershon ^ . ,  (1533) have shown th a t the re  was an
mcrease in  in  y i ^  binding o f  exogenous serotonin (^H -5 -H T ) w ith  SBP m ore than
can be accounted fo r  by linea r co rre la tion  o f binding capac ity  in ra ts  (300g)
whose endogenous seroton in  concen tra tion  has been depleted by feeding them
w .th  a tryp tophan d e fic ie n t d ie t. They concluded th a t th e ir  resu lts  Ind ica ted
th a t, not only was SBP near sa tu ra tion  w ith  endogenous sero ton in , but th a t TP
defic .ency depleted serotonin bound to  SBP more than to ta l sero ton in .
A lte rn a tiv e ly , i t  could be th a t the TP de fic iency  depleted o the r p ro te ins a t a
fa s te r ra te  than SBP so tha t binding capac ity , which is expressed per m illig ra m  
o f to ta l p ro te in , appears to  increase g rea tly .
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The resu lts  obtained from  th is  study seem to  suggest th a t not only is the 
seroton in  bound to the p ro te in  depleted, bu t th a t the p la te le t pro te ins, including 
the SBP, were grossly deranged. The nature o f the SBP o f p la te le ts  could give 
rise to  n u tr it io n a l v u ln e ra b ility . In both experim ents, the values fo r  p la te le t TP, 
seroton in  and 5 -H IA A  were s ig n ific a n tly  raised in the undernourished ra ts
compared w ith  the con tro ls . The magnitude o f these d iffe rences  became more
m an ifes t when the values were expressed as a ra t io  to  p la te le t p ro te in  than when 
expressed per 10 p la te le t ce lls , especia lly in the 49 day old anim als
undernourished fo r  14 days.
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The amount o f p ro te in  per 10 p la te le ts  in the animals undernourished fo r 
14 days was about h a lf o f th a t in the con tro ls . The ra tio  in the ra ts
undernourished fo r  28 days, though low er, was v ir tu a lly  the same as those o f the 
con tro ls , in d ica ting  th a t the p la te le ts  o f the la t te r  group were less a ffe c te d  by 
und e rn u trition .
The high negative co rre la tion  between p la te le t number in PRP and p la te le t 
con ten t o f seroton in  m ain ly arises from  the fa c t th a t more than 90% o f p la te le t 
seroton in  is taken up fro m  the blood stream  (C raw fo rd , 1963). There seems to  be 
some curious co rre la tions  between the p la te le t (and its  b io log ica l constituen ts  
investiga ted) when expressed per 10®, and the bra in. I t  could be th a t there  is a 
non -fu nc tio n a l re la tionsh ip  between the num ber o f c irc u la tin g  p la te le ts  and the 
number o f bra in neurons. Marangos et (1980) have dem onstrated the 
presence o f a neu ron -spec ific  enolase in the p la te le ts  suggesting th a t p la te le ts  
could be a part o f the nervous system.
There is evidence o f an age e ffe c t when the constituen ts are expressed 
per 10® p la te le ts  in the undernourished ra ts  and only in the seroton in  o f the 
con tro ls . A lthough Stahl e t a l., (1982) found th is age e ffe c t to  be p o s itive ly
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co rre la ted  s lig h tly  w ith  regard to  serotonin in the age range 20 - 64 years in 
man, i t  was not s ig n ifica n t. A ca re fu l in te rp re ta tio n  m igh t suggest th a t an 
age -re la ted  e ffe c t applies to the b io log ica l age ( life  span) o f the p la te le ts  ra the r 
than the chrono log ica l age o f the ra ts . The la rger sized (younger) p la te le ts  are 
more lik e ly  to  get trapped between the red ce lls and spun down w ith  them  on 
ce n tr ifu g a tio n  than the sm a lle r sized o lder p la te le ts . In th is  study, to  e lim ina te  
the u tiliz a t io n  o f only a subpopulation o f p la te le ts , a m ixed population was 
obta ined by ce n trifu g in g  the anticoagu la ted  blood in tw o  or three a liquots o f 
5 m l. However, low er mean p la te le t volume (mpv) was cons is ten tly  observed in 
the p la te le ts  o f the undernourished ra ts . As there was no s ig n ifica n t age -re la ted  
e ffe c t observed in the p la te le t counts fo r both blood and p la te le t- r ic h  plasma, 
the resu lt observed above seems to  be due to  n u tr it io n a l dep riva tion .
When serotonin m etabolism  is compared between synaptosomes and 
p la te le ts , there  is evidence th a t the binding to , and storage o f, seroton in  by the 
respective  SBP is d iffe re n t. The binding o f synaptosomal SBP to  serotonin seems 
to  be much t ig h te r  and less susceptib le to  dep le tion  under n u tr it io n a l stress than 
the p la te le t in tra -c e llu la r  SBP which seems, as i t  were, to  be adversely a ffe c te d  
under n u tr it io n a l stress. A lthough tryp tophan  has not been shown to  be bound by 
a spec ific  p ro te in  in the synaptic vesicles or p la te le t granules, there  was a 
s ig n ifica n t d iffe re n ce  in the p la te le ts  and synaptosomes o f the undernourished 
anim als when expressed per m illig ra m  p ro te in .
In th is  series o f investiga tions, i t  has been shown th a t p la te le ts  cannot be 
used as a model fo r  cen tra l se ro tonerg ic -con ta in ing  neurons because the fo rm e r 
are not immune to  unde rnu trition . Secondly, the serotonin storage mechanism is 
d if fe re n t fro m  th a t o f the synaptosomes, especia lly as the pro te ins are d if fe re n t, 
thus the a f f in ity  and capacity  fo r binding and s to ring  seroton in  is a ffe c te d . 
T h ird ly , the very special e ffe c tiv e  p ro te c tive  mechanism against dep le tion  o f
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essentia l bra in neurochem icals under env ironm enta l stress, as applied in th is 
study, exh ib ited  by synaptosomes is not apparent in the p la te le ts .
Thus, the vu ln e ra b ility  o f p la te le ts  to  n u tr it io n a l depriva tion  should be 
recognised when they are used as synaptic  models, as has been done in studying 
the  e ffe c ts  o f psychotrop ic drugs on seroton in  m etabo lism . I t  was because o f 
th is  profound e ffe c t o f unde rnu trition  on p la te le ts , especia lly  o f the 49 day old 
sem i-m a tu re  ra ts , th a t i t  was thought w o rth w h ile  to  see i f  pa ra lle l e ffe c ts  can 
be dem onstrated in conditions aris ing as a consequence o f low  p ro te in  in take  
over a longer period on weanling anim als, an anim al model o f possibly c r it ic a l 
im portance to  human ch ild ren .
I l l
CHAPTER IV
EFFECTS OF LOW PROTEIN AND RESTRICTED HIGH PROTEIN 
ISOCALORIC DIETS ON THE WEANLING RAT 
ON SEROTONIN (5-HT) METABOLISM IN THE BRAIN AND PLATELETS
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4.1 INTRODUCTION
In the lig h t o f the studies described in chapter III, i t  was decided to 
investiga te  the e ffe c ts  o f a low p ro te in  d ie t in weanling ra ts  on serotonin 
m etabolism  both in the bra in, and especia lly in the synaptosomes, and in the 
blood p la te le ts  o f the same anim als.
Studies on the in fluence o f precursor a v a ila b ility  in weanling ra ts  on 
seroton in  m etabolism  have shown th a t synaptic func tion  was apparently  a ffe c te d  
(Pao and D ickerson, 1975; W urtm an and Fernstrom , 1976; Ashley and 
Curzon, 1981). Again , however, synaptosomes were not separated and 
investiga ted  in these studies and in ferences were made pure ly on the 
observations obtained fro m  whole bra in or bra in regions.
Weanling ra ts were chosen fo r investiga tion  in th is  study because previous 
w ork on bra in serotonin m etabolism  (e.g. Pao and D ickerson, 1975) has shown 
th a t ra ts o f th is  age are susceptib le to  e ffe c ts  o f a low  p ro te in  d ie t. M oreover, 
i t  has been shown th a t ce rta in  behavioura l de fic ienc ies are eviden t in ch ild ren  
malnourished from  weaning in areas where K w ash io rkor or 
M arasm ic-K w ash io rko r is endemic.
I t  has been shown th a t the concentra tions o f blood p la te le t seroton in  were 
high in ch ild ren  w ith  severe m enta l re ta rda tio n  (Tu and P arting ton , 1972) and low  
in Phenylke tonuria  and Down's Syndrome (Tu and Ze llw eger, 1965; Pare, 1968; Tu 
and P arting ton , 1972). P arting ton  e t a l., (1973) have also found higher 
concentra tions o f serotonin in the blood p la te le ts  o f p lanta in  eating  A fricans  
than non-p lan ta in  eating A frica ns . T he ir observations were s im ila r to  those 
observed by the same group (1972 above) in the ch ild ren o f long stay in s titu tio n s  
w ith  severe m enta l re ta rda tio n .
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4.2 M A TE R IA LS  A N D  METHODS
Male weanling albino ra ts which had been weaned a t 21 days o f age and 
were 24 days o f age at the s ta r t o f the experim ent were used. They were 
random ly d is tribu ted  in to  three groups c lose ly m atched fo r  body w e igh t.
The con tro ls  were given a high p ro te in  d ie t conta in ing  25% casein ad. 
lib itu m  (Table 2.1) and the experim en ta l anim als were given a low  p ro te in  d ie t 
(LP) conta in ing  3% casein (Table 2.2) ad. lib itu m . The th ird  group was given a 
re s tr ic te d  am ount o f the high p ro te in  d ie t (RHP). The RHP group was p a ir- fe d  
w ith  th e ir  c lose ly m atched counterparts  in the LP group.
A ll anim als had free  access to  w a te r. Food in take  was weighed da ily  w ith  
the RHP anim als being given the w e igh t o f the co n tro l high p ro te in  d ie t 
consumed by the LP anim als on the previous day. A ll the anim als were weighed 
da ily .
The anim als were k ille d  by decap ita tion  a fte r  56 days on the d ie ts as 
described in chapter II. A ll samples were obta ined and processed as described in 
the preceding chapter.
4.3 RESULTS
4.3.1 E ffe c ts  on the Body and Brain Weights
The anim als in each o f the three groups had s im ila r body w eights a t the 
beginning o f the experim ent (con tro l, 56g; LP, 57g; and RHP 59g). D uring the 
56 days on the d iets, the mean body w e igh t o f the LP animals changed l i t t le ,  th a t 
o f the RHP animals approx im ate ly  doubled, whereas th a t o f the c o n tro l 
increased approx im ate ly  s ix fo ld  (F igure 4.1.). The d iffe rences in body w e igh t 
between the groups were h ighly s ig n ifica n t (Table 4.1) and were para lle led  by 
s im ila r ly  s ig n ifican t d iffe rences in brain w e ight. The bra in  w e ight : body w e igh t
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ra tio  (%) was highest in th  LP anim als being app rox im a te ly  double th a t o f the
RHP anim als. S im ila r ly , the ra tio  o f the RHP animals was app rox im a te ly  double 
th a t o f the contro ls .
4.3.2 The E ffe c ts  o f M a ln u tr it io n  on Plasma TP
The concentra tions o f the plasma TP ( to ta l and free ) were very 
s ig n ific a n tly  low er in the LP animals when compared w ith  e ith e r the con tro ls  or 
the RHP anim als.
4.3.3 E ffe c ts  o f M a ln u tr it io n  on the B iochem ica l Measurements on the B ra in
(i) Whole B rain *
The concen tra tion  o f brain p ro te in  was s im ila r in the brains o f the LP and 
c o n tro l anim als and the d iffe rences between the RHP anim als and the con tro ls  
ju s t obtained s ta t is t ic a l s ign ificance  (p < 0.05) (Table 4.1). When these 
concentra tions were converted to  absolute amounts in the bra in , the d iffe rences  
between the groups were s im ila r to  those in the bra in w e igh t excep t th a t the 
am ount in the brains o f the LP animals was not s ig n ific a n tly  d if fe re n t fro m  th a t 
in the RHP anim als.
The concen tra tion  o f tryp tophan (TP) was lowest in the brains o f the LP 
animals and higher, but not s ig n ific a n tly  as in those o f the RHP anim als. S im ila r 
d iffe rences were evident when the TP was re la ted  to  p ro te in  except th a t the 
brains o f both LP and RHP animals conta ined the same am ount o f TP due to  
d iffe rences in bra in p ro te in .
In con tras t, the concentra tions o f 5 -H T  were higher in the brains o f the LP 
animals compared w ith  those o f the con tro ls . The concentra tions o f 5 -H T  were 
s im ila r in the RHP anim als and the contro ls . Again, a s im ila r p ic tu re  emerged 
when the values were re la ted  to  p ro te in .
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The concentra tions o f 5 -H IA A , like  th a t in 5 -H T , was h igher in the brains
o f the anim als tha t had rece ived the LP d ie t than in those o f the con tro ls  but the
concen tra tion  in the brains o f the RHP anim als was s im ila r to  th a t in the
con tro ls . A s im ila r p ic tu re  was observed when the values were re la ted  to 
p ro te in .
( ii)  C ytosol
The am ount o f cy toso lic  p ro te in  (Table 4.2) was low est in the  LP anim als 
and th a t o f the RHP anim als was low er than in the con tro ls . The f in a l volum e o f 
0.32 M sucrose-bra in  cytoso l fra c tio n  was approx im ate ly  the same in a ll the 
anim als and so resu lts  could reasonably be compared.
The concentra tions o f cy toso lic  TP were s ig n ific a n tly  low e r in  the LP 
anim als than in the con tro ls  (Table 4.2). The concentra tions in the RHP anim als 
were also low er than in the contro ls  although the d iffe rence  was not as large as 
in the case o f the LP anim als. A lthough the LP anim als had lo w e r 
concentra tions o f cy toso lic  TP than in the RHP animals, there  was no s ig n ific a n t 
d iffe rence  between them . There was no d iffe rence  in the values fo r  5 -H T  in the 
three groups o f anim als but the concen tra tion  o f 5 -H IA A  in the LP anim als was 
s ig n ifca n tly  h igher than in the contro ls .
( i i i)  M ye lin
The m ye lin  obtained fro m  the fra c tio n a tio n  o f the brains o f LP anim als
contained more p ro te in  than in th a t obta ined from  the brains o f the co n tro l
anim als. S im ila r ly , th a t obtained fro m  the co n tro l anim als was h igher than in 
the RHP anim als.
Table 4.3 shows tha t the m ye lin  TP was s ig n ific a n tly  low er (p < 0.001) in 
the LP anim als than in the contro ls . I t  was also low er than in the m ye lin  o f the
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RHP anim als. There were no s ig n ific a n t d iffe rences in the concen tra tions o f
5 -H T  and 5 -H IA A  o f the bra in  m ye lin  in any o f the expe rim en ta l groups o f 
anim als.
(iv ) Synaptosomes
The absolute amount o f p ro te in  in the synaptosomes separated fro m  the
anim als was low er in the LP anim als than In the contro ls  and h igher than in the 
RHP anim als.
Table 4.4 shows tha t there were no s ig n ifica n t d iffe rences  between the 
concentra tions o f TP, 5 -H T  and 5 -H IA A  in the synaptosomes o f the m alnourished 
Is when compared w  h the con tro ls . However, the concen tra tion  o f TP in 
the synaptosomes o f the LP anim als was h igher than in the RHP anim als. The 
concen tra tion  o f 5 -H T  was raised in the synaptosomes o f both m alnourished 
groups when compared w ith  the contro ls .
E ffe c ts  o f M a ln u tr it io n  on Blood P la te le ts
The p la te le t count per m l. blood was low est in the LP  anim als (Table 4.5),
but the count per ml. PRP was very significantly lower in both groups oi
m alnourished anim als. The count in the LP anim als was, in fa c t,  s ig n if ic a n tly  
low er than in the RHP animals.
The absolute amount o f p ro te in  in the m alnourished anim als was low e r than 
in the con tro ls  when expressed e ith e r as per mg p la te le t p ro te in  o r per 10® 
p la te le ts  w ith  the value in the LP anim als being the low est.
S ig n ifica n tly  raised concentra tions o f TP, 5 -H T  and 5 -H IA A  were observed 
in the n u tr it io n a lly  deprived anim als w ith  the LP anim als having the highest 
values, w hether expressed per mg. p ro te in  o r per 10® ce lls . The d iffe re n ce s  
between the LP and RHP anim als were also h igh ly s ig n ific a n tly .
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4.3.5 E ffe c ts  o f M a ln u tr it io n  on Serotonin (5 -H T) M etabolism  in RaL Brain
Synaptosomes and P la te le ts  o f the Same A n im a l
The concentra tions o f TP, 5 -H T  and 5 -H IA A  in the p la te le ts  o f the LP 
anim als were s ig n if ic a n tly  (p < 0.001) h igher than in the synaptosomes o f the 
" same anim als (Table 4.6). S im ila r re la tionsh ips fo r  these co ns titu ten ts  were 
found in the RHP anim als. However, in the contro ls  only 5 -H T  was s ig n if ic a n tly  
h igher in the p la te le ts .
4.3.6 C o rre la tio n  C o e ffic ie n ts  (r) fo r  the Relationships between the D if fe re n t
C onstituents  D eterm ined
There were no co rre la tio n s  between the constituen ts  measured w ith in  the 
synaptosomes or p la te le ts  o f the LP anim als or between the values in the 
synaptosomes and p la te le ts . S im ila r absence o f co rre la tio n  was observed in the 
F^HP anim als except th a t the concentra tions o f 5 -H T  in the synaptosomes was 
s ig n if ic a n tly  co rre la ted  (r = 0.8337; p < 0.05) (Table 4.7) w ith  th a t found in the 
p la te le ts . This co rre la tio n  was not apparent in the con tro ls , bu t there  was a 
s ig n ifica n t (p < 0.02) negative co rre la tion  between the TP in the synaptosomes 
and th a t in the p la te le ts  o f the co n tro l anim als.
In add ition , the concen tra tion  o f synaptosomal i P was co rre la ted  w ith  the 
concentra tions o f bra in TP (r = -0 .8 5 0 7 ; p < 0.05) and (r = 0.8962; p = 0.02) in 
both LP and co n tro l anim als respec tive ly . A co rre la tio n  between the 
synaptosomal TP and bra in 5 -H T  (r = -0.8157; p < 0.05) in the  LP anim als was not 
seen in the contro ls . In con tras t, the co rre la tion  w ith  the concentra tions o f 
b ra in 5 -H IA A  (r = 0.9152; p < 0.02) in the con tro ls  was no t apparent in the LP 
anim als.
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The concentra tions o f plasma TP was co rre la ted  w ith  bra in 5 -H T  
s ig n if ic a n tly  (r = -0.8288; p < 0.05) in the con tro ls , but th is  was d is to rted  in the 
m alnourished anim als. The concen tra tion  o f free  (u ltra f ilt ra b le )  plasma TP 
co rre la ted  w e ll w ith  the concentra tions o f brain TP (r = -0 .7495; p = 0.07) in the 
LP anim als only, w ith  p la te le t 5 -H IA A  (r = 0.7806; p = 0.06) in the RHP anim als 
and w ith  synaptosomal 5 -H T  (r = -0.8012; p = 0.05) in the con tro ls . The 
co rre la tions  w ith  bra in TP and p la te le t 5 -H IA A , though high, were not 
s ig n ific a n t.
The concentra tions o f brain TP also were co rre la ted  very s ig n if ic a n tly  
~ -0.9046; p < 0.02) and (r = -0.9314; p = 0.01) w ith  the concen tra tions o f 
p la te le t TP and 5 -H T  respec tive ly  in the contro ls . These co rre la tions  were not 
apparent in the malnourished anim als.
4.4 DISCUSSION
4-4.1 The Body W e igh t-B ra in  W eight Relationships
The fa c t th a t the bra in w e ight : body w e ight ra tio  (%) was highest in the 
LP anim als which had the low est body w e igh t, in te rm ed ia te  in the RHP anim als 
and low est in the contro ls , den; nstrates again the sparing e ffe c t  on the bra in  o f 
m a ln u tr it io n .
These find ings are in agreem ent w ith  the re p o rt by D ickerson e t a l. (1972) 
in which the body w e igh t o f weanling ra ts  was held constant fo r  4 weeks on a low  
p ro te in  d ie t. These workers also showed th a t the above tre a tm e n t w hich was 
in te rp re te d  as severe n u tr it io n a l dep riva tion , was necessary to  produce the same 
d is to rtio n  o f brain : body w e igh t re la tionsh ips as those observed in the 
undernourished preweanling ra ts .
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Visual observations showed th a t though the LP anim als did not develop 
frank  oedema, they were apa the tic  and very w ithd raw n w ith  evidence o f loss o f 
f lu f fy ,  sparse m ilk -w h ite  ha ir. They sca tte red  th e ir  food and were ir r ita b le . In 
con tras t, the RHP anim als were aggressive and acroba tic , and especia lly so at 
feeding tim e  w ith  l i t t le  or no loss o f ha ir. In both groups o f m alnourished 
anim als (and more especia lly in the LP anim als) there  was a c h a ra c te ris tic  b rick  
red deposit or p igm ent on the ha ir around the nape o f the neck. The co n tro l 
animals showed evidence o f good health , con ten tm en t and friend liness, w ith  good 
appe tite .
4.4.2 Plasma TP
The concentra tions o f to ta l and free  (u ltra f ilt ra b le )  plasma TP were 
reduced more in the LP than in both the RHP and co n tro l anim als. These 
constituen ts  were also s ig n ific a n tly  low er in the RHP anim als than in the 
con tro ls .
These find ings support those o f others (e.g. Fernstrom  e t a l., 1979) th a t 
plasma concentra tions o f amino acids especia lly the essentia l am ino acids, 
e.g. TP, pa ra lle l the d ie ta ry  p ro te in  in take . These plasma amino acids in tu rn  
in fluence brain TP depending on the am ount o f large neu tra l amino acids (LN A A ) 
present in plasma a fte r  ingestion o f food (Fernstrom  and F a lle r, 1978) g iv ing  rise 
to  a tryp tophan-sparing  e ffe c t. T o ta l plasma TP and the ra tio  o f to ta l plasma 
TP to  the sum o f the o ther L N A A  are the best param eters in p red ic tin g  bra in TP 
concen tra tion  (Fernstrom  e t a l., 1976; Y u w ile r e t a l., 1977).
4.4.3 B ra in  C onstituents
(i) Whole Brain
The absolute amount o f p ro te in  in the brain o f the LP anim als was low est, 
w h ile  th a t o f the RHP animals was low er than the con tro ls  but h igher than the 
LP anim als. These s ig n ifica n t d iffe rences are commensurate w ith  the am ount o f
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mean d ie ta ry  p ro te in  eaten by the d if fe re n t groups o f anim als (LP, 124 m g/day; 
RHP, 1181 m g/day; and co n tro l, 3663 m g/day) during the period o f tre a tm e n t.
In spite o f the above, however, the concen tra tion  o f bra in p ro te in  was 
preserved in the LP anim als, as the concentra tions o f brain p ro te in  in the LP and 
c o n tro l anim als were s im ila r.
The concen tra tion  o f bra in TP was s ig n if ic a n tly  low er in the LP anim als 
than in the con tro ls  and low er, but not as s ig n ific a n tly  so, in the RHP anim als. 
The concen tra tion  o f bra in TP was s im ila r ly  low er in the RHP anim als than in 
the con tro ls . A s im ila r trend existed when these concentra tions were expressed 
as a ra tio  to  p ro te in  except tha t there  was no d iffe rence  between the amounts o f 
TP in both the LP and RHP anim als.
The re la tionsh ips shown in section 4.4.(2), especia lly the la t te r ,  may have 
been one o f the fac to rs  co n tribu tin g  to  the e levation  o f b ra in  TP seen in the LP 
anim als. Thus a high TP : LN A A  ra t io  aris ing from  the am ount o f p ro te in  
(124 m g/day) eaten by the LP ani ab  would fa c i l ita te  the se lec tive  
transpo rta tion  o f plasma TP (at the expense o f o ther L N A A ) to  the b ra in . This is 
because these amino acids , i.e . tryp tophan , the a rom a tic  amino acids, tryos ine  
and phenylalanine, and the large neu tra l amino acids, iso leucine, leucine and 
va line, u ti liz e  co m p e tit ive ly  the same transpo rt mechanism to  the bra in  
(Padridge, 1977).
The co m p e titive  advantage and subsequent uptake o f TP to  the bra in  over 
the o the r L N A A , i.e . the tryp tophan-sparing  e ffe c t m entioned e a r lie r, would be 
aided fu r th e r by the large amount o f carbohydrate (4.2 g) consumed. This gave a 
proportion  o f 1 g o f p ro te in  to  33.6 g o f carbohydra te . Ingestion o f ca rbohydra te  
e levates b^ain TP concentra tion  by a mechanism in which insu lin  lowers the
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plasma levels o f the o ther com peting L N A A  (Munro, 1970; Fernstrom  and 
W urtm an, 1971c, 1972a; Fernstrom , 1979).
The RHP and co n tro l anim als ate the same p ropo rtion  o f p ro te in  to 
carbohydra te  (1 : 2.6 g) each, but the ac tua l da ily  consum ption (1.2 g p ro te in  and 
3.0 g carbohydrate fo r  the RHP animals and 3.7 g p ro te in  and 9.4 g carbohydrate 
fo r  the con tro ls ) caused the re la tiv e ly  low er concen tra tion  fo r TP in e ith e r 
brains.
The serotonin concen tra tion  in the LP animals was not s ig n ific a n tly  
d if fe re n t from  the concentra tions in RHP and co n tro l anim als. The values in the 
LP anim als was also s im ila r to  those in the o the r tw o groups when expressed per 
mg p ro te in .
Thus, in spite o f the severe deple tion o f to ta l plasma TP concen tra tion  in 
the LP anim als, serotonin m etabolism  in the bra in appeared to  be m a in ta ined. I t  
would thus seem th a t the find ings in th is  study are in agreem ent w ith  previous 
studies th a t bra in serotonin concen tra tion  depends not only on the a v a ila b il ity  o f 
d ie ta ry  TP concen tra tion  and hence on plasma TP (Fernstrom  and W urtm an, 
1971a) but also on the ingestion o f carbohydrate  (Fernstrom  and W urtm an, 1971c) 
and plasma concen tra tion  o f  the L N A A  (Fernstrom  and W urtm an, 1972a).
A dd itio n a l evidence in support o f th is  suggestion comes fro m  the find ings 
th a t T P -d e fic ie n t ra ts have unim paired a b ility  to  hydroxyla te  TP in the bra in 
(Fernstrom  and H irsch, 1977) and th a t a T P -d e fic ie n t d ie t can tr ig g e r a 
com pensatory a c t iv ity  o f the enzyme tryp tophan -5 -hydroxy lase  (Neckers e t sd., 
1977).
130
The concen tra tion  o f 5 -H IA A  in the LP anim als was s ig n if ic a n tly  h igher 
than in the con tro ls . This occurred in the face o f a ’norm a l' concen tra tion  o f 
serotonin and i t  would the re fo re  seem th a t there was a somewhat h igher 
degradation o f serotonin and consequent flu x  o f TP through th is  pathway in the 
LP anim als.
The concen tra tion  o f to ta l plasma TP was nega tive ly  and s ig n if ic a n tly  
co rre la ted  w ith  the concen tra tion  o f bra in seroton in  (r = -0.8288; p < 0.05) in the 
con tro ls . This re la tionsh ip  was not evident in the m alnourished anim als. These 
re la tionsh ips again support the views th a t plasma TP is no t the only fa c to r  
co n tro llin g  brain serotonin synthesis. The concen tra tion  o f bra in TP was also 
h ighly co rre la ted  w ith  the bra in 5 -H IA A  (r = 0.9756; p = 0.002) in the con tro ls  
a lthough th is was d is to rted  in the LP anim als, and in the RHP anim als there  was 
a negative s ig n ifica n t co rre la tio n  (r = -0.8648; p < 0.05).
Though the concen tra tion  o f free  (u ltra f ilt ra b le )  plasma TP was nega tive ly  
but h ighly co rre la ted  w ith  bra in TP concen tra tion  in the LP anim als, the 
c o rre la tion  was not s ig n ifica n t. M oreover, th is  co rre la tion  was not found in 
e ithe r the RHP or co n tro l animals. These find ings are in agreem ent w ith  e a r lie r 
observations (Madras e t a l., 1973, 1974; Fernstrom  et a l., 1975 ; Fe rnstrom  e t 
a l., 1976) th a t plasma free  (u ltra f ilt ra b le )  TP concentra tions are poor p red ic to rs  
o f bra in TP.
(ii)  C ytosol
The high concentra tions o f cy toso lic  TP in the bra in e x tra c ts  o f a ll groups 
o f animals pa ra lle l the p ro te in  con ten t and co n firm  th a t the cytop lasm  o f the 
ce ll body which conta ins a ll o f the non -m itochond ria l deoxyribonucle ic  acids 
(D N A) and ribonuc le ic  acids (RNA) in the neuron is the p ro te in  synthesiz ing 
portion  or fra c tio n  o f  the brain (W urtm an and Fernstrom , 1974). This re su lt 
suggests th a t p ro te in  synthesis in the cytoplasm  o f the neuron c e ll body is
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dependent on the a v a ila b ility  o f d ie ta ry  amino acids, especia lly  the essentia l 
am ino acids, in the blood to  the bra in.
There was no d iffe rence  in the levels o f cy toso lic  seroton in  between any o f
the groups o f anim als. In con tras t to  the high concentra tions o f TP in the
cytoso l, those o f serotonin were very low  and th is  suggests th a t there  is very
l i t t le  enzym ic hydroxy la tion  o f tryp tophan to , and subsequent decarboxy la tion
o f, 5 -hydroxytryp tophan  (5-H TP ) tak ing  place in the cytop lasm  o f the neuron 
ce ll body.
S im ila r but sm alle r e ffe c ts  were observed in the leve ls o f cy toso lic  5 -H IA A
except th a t the concen tra tion  in the LP anim als was s ig n ific a n tly  h igher than in
both RHP anim als and the contro ls . I t  seems th a t m a ln u tr it io n  induced by a low
pro te in  in take  did not a ffe c t the functions o f monoamine oxidase in the 
cytop lasm .
( ii i)  M ye lin
The butanol e x tra c t o f the m ye lin  obtained from  the brain o f the LP
anim als conta ined a s ig n ific a n tly  low er concen tra tion  o f TP than th a t o f e ith e r
the RHP animals or the contro ls , both o f which had the same am ount o f
m ye lin  TP. The d iffe re n ce  between the m ye lin  TP o f LP and RHP anim als was 
jus t s ig n ifica n t.
The concen tra tion  o f the m yelin  5 -H IA A  v/as s lig h tly  h igher in the RHP 
than in the LP anim als and contro ls  but the d iffe rence  was not s ig n ific a n t. 
S im ila r e ffe c ts  were seen in the concentra tions o f m ye lin  serotonin.
As described in the preceding chapter, serotonin in the m ye lin  butanol
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e x tra c t is bound f irm ly  to  the p ro te o lip id  portion . I t  was also shown th a t the 
am ount o f serotonin found in the ra t brain m yelin  was due to  the presence o f 
about 38% o f the crude m itochond ria l (P2)-TP  hyd roxy la ting  enzyme fra c tio n . 
Since the deposition o f p ro te o lip id  p ro te in  fo llow s the same course as cho leste ro l 
deposition in ra t whole b ra in , (Agrawals e t ^ . ,  1976 and D ickerson e t a l., 1972) 
in the experim ent to  w hich re ference  had been made, showed th a t cho leste ro l 
deposition in some bra in  regions was a ffe c te d , then i t  is most lik e ly  th a t the 
p ro te o lip id  p ro te in  w il l  also be a ffe c te d  in conditions in which m ye lina tion  was 
d isturbed.
I t  would the re fo re  be expected th a t the m ye lin  seroton in  o f the 
malnourished brain would have less than in the con tro ls . This was not the case in 
sp ite  o f the s ig n ific a n tly  low TP value in the LP animals when compared w ith  the 
co n tro l and the resu lt once again is suggestive o f an un im paired a b ility  o f the 
LP j "FP d e fic ie n t ra t, to  hydroxy la te  the TP availab le  to  the b ra in . I t  m igh t be 
th a t there  is com pensatory a c tiv ity  o f the enzyme tryp to p h a n - 5 -hydroxylase as 
a re su lt o f the TP d e fic ie n t d ie t.
(iv) Synaptosomes
The resu lts presented in Table 4.4 suggest th a t both the low  p ro te in  d ie t 
and re s tr ic t io n  o f in take o f the high p ro te in  d ie t did no t have any s ig n ific a n t 
e ffe c t  on serotonin m etabolism  in the weanling ra t bra in synaptosomes in spite 
o f the va ria tions  in p ro te in  con ten t o f the diets and the am ount o f p ro te in  eaten 
during the period o f tre a tm e n t. Conversion o f the serotonin values to  th e ir  
absolute amount (0.43 pg in LP synaptosomes, 0.46 pg and 0.46 pg in RHP and 
c o n tro l animals respective ly ) co n firm  th is  conclusion.
4.4.4 P la te le ts
The p la te le t counts in the blood o f the LP animals were s ig n if ic a n tly  low er
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than in both the RHP and co n tro l anim als. The p la te le t counts in the RHP 
animals were also s ig n ific a n tly  low er than in the con tro ls . S im ila r e ffe c ts  w ith  
g rea te r reduction  and higher levels o f s ign ificance  were observed in the p la te le t 
counts obtained from  the p la te le t- r ic h  plasma (PRP), a lthough the d iffe re n ce  
between the LP and RHP anim als only ju s t reached levels o f s ign ificance .
The concentra tions o f TP, serotonin and 5 -H IA A , in the p la te le ts , w hether 
expressed as a ra tio  to  p la te le t p ro te in  or per 10^ p la te le ts , were higher in the 
m alnourished anim als than in the con tro ls . The highest values were found in the 
LP anim als.
I t  was m entioned in the preceding chapter th a t there  are tw o  pro te ins m 
p la te le ts , a lbum in and g lycopro te in , which have a high binding capac ity  and 
s p e c ific ity  fo r seroton in . Though they d if fe r  in some o f th e ir  physical and 
chem ical p roperties, they show s im ila r p roperties w ith  regard to  s e n s itiv ity  to  
tryps in , a p ro te o ly tic  enzyme, and dependence on ferrous ion fo r  seroton in  
binding (T am ir e t a l., 1980). The ir physical and chem ica l p roperties  suggest th a t 
they could be a ffe c te d  by adverse env ironm enta l cond itions. I t  may be th a t as in 
plasma, album in would be more susceptible to  m a ln u tr it io n .
The raised values observed fo r the p la te le t TP, seroton in  and 5 -H IA A  
expressed in term s o f to ta l p ro te in  in the m alnourished anim als com pared w ith  
the contro ls , suggest deple tion o f to ta l p la te le t p ro te in  w ith  very high 
p ro b a b ility  th a t the p la te le t in tra c e llu la r se ro ton in -b ind ing  p ro te in  was less 
a ffe c te d  than o the r pro te ins. The resu lts also show th a t the low  p ro te in  d ie t 
a ffe c te d  the p la te le ts  more than ca lo rie  depriva tion  or u n d e rn u tritio n . An 
a lte rn a tive  cause o f the raised TP, serotonin and 5 -H IA A  ra t io  would be th a t 
these constituen ts  were sp e c ifica lly  accum ulated but there was no evidence to  
suggest th a t th is occurred.
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When serotonin m etabolism  was compared between the bra in synaptosomes 
and blood p la te le ts  o f the same anim als, i t  was found th a t the variables 
concerned w ith  seroton in  m etabo lism , expressed as a ra tio  to  p ro te in , were 
s ig n ific a n tly  and pe rs is ten tly  h igher in the p la te le ts  o f the m alnourished anim als 
than in the synaptosomes.
I t  was o f in te res t th a t in the co n tro l animals w h ils t the ra t io  o f TP and 
5 -H IA A  in synaptosomes and p la te le ts  was s im ila r, the ra t io  fo r  sero ton in  was 
s ig n if ic a n tly  h igher in the p la te le ts . These observations are in agreem ent w ith  
those o f Sm ith e t ^ . ,  (1977) who dem onstrated th a t the uptake o f sero ton in  by 
p la te le ts  is not id e n tica l to  uptake by synaptosomes.
The u^udies repo rted  by S tahl and M e ltze r (1978), compared the uptake o f 
serotonin a t the cy top lasm ic membrane o f human p la te le ts  w ith  th a t a t ra t 
synaptosomes. In the lig h t o f th is  present study and those o f Sm ith e t a l., (1977), 
I t  would seem th a t such a comparison may give m isleading resu lts.
I t  has been dem onstrated in th is  study th a t p la te le ts  are more vu lnerab le  to  
a low  p ro te in  d ie t than to u n d e rn u tr itio n .lt seems possible th a t th is su sc e p tib ility  
o f p la te le ts  to  n u tr it io n a l depriva tion  w il l  a ffe c t the co n tribu tio n  o f p la te le ts  to  
m a in ta in ing  the blood coagulation mechanism o f the body, invo lv ing  th e ir  
adhesion, aggregation and p la te le t prostaglandins.
I t  could be th a t the high serotonin concentra tions found in the blood 
p la te le ts  o f ch ild ren  w ith  severe m enta l re ta rd a tio n  in long stay in s titu tio n s  (Tu 
and P arting ton , 1972) may have been due to  m a ln u tr itio n . I t  could also be th a t 
the s im ila r high serotonin concentra tions found in the blood p la te le ts  o f 
p la n ta in -ea tin g  A fricans  may have been due to  m arg inal u nd e rn u trition  
(P arting ton  e t W., 1973). Banana is said to  conta in  large amounts o f sero ton in
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and a large quan tity  o f 5 -H IA A  is e x trac ted  in the urine sh o rtly  a fte r  banana 
ingestion . The same type o f massive excre tion  o f 5 -H IA A  is also seen in 
ca rc ino id  syndrome patien ts . The authors o f the above-m entioned study did not 
say i f  they found a large excre tion  o f 5 -H IA A  in the p la n ta in -e a tin g  A fricans .
I t  is o f in te res t th a t raised p la te le t serotonin concen tra tions have been 
reported  (Todrick e t a l., 1960; W irz -Ju s tice  and Puhringer, 1978a,b; S tahl e t a l., 
1982) in depressives. The present study suggests th a t these resu lts  cannot be 
sa fe ly  in te rp re te d  w ith o u t knowledge o f the p a tie n t’s n u tr it io n a l h is to ry . Coppen 
and Wood (1982) drew a tte n tio n  to  the possible com p lica ting  e ffe c t  o f previous 
poor n u tr it io n  in in te rp re tin g  find ings fo r seroton in  in synaptosomes obtained 
fro m  brains obtained fro m  human suicides.
The use o f p la te le ts , th e re fo re , as a model fo r a ce n tra l se ro tonerg ic  
mechanism especia lly in non-phys io log ica l cond itions, fo r  exam ple, the 
malnourished s ta te , would seem to  be co n tra -in d ica te d . P la te le ts  have been 
shown in th is  study to  be very vulnerable to  the e ffe c t o f d ie t and i t  is the re fo re  
suggested th a t results obtained w ith o u t absolute knowledge o f n u tr it io n a l status 
should be in te rp re ted  w ith  caution.
A lthough p la te le ts  may not be used as a model fo r synaptosomes, they may 
w e ll be useful in assessing n u tr it io n a l status.
In the lig h t o f the resu lts obtained in th is  study, especia lly  w ith  re fe rence  
to  tryp tophan con ten t o f the synaptosomes and p la te le ts , i t  was thought 
necessary to  measure tryp tophan uptake in v ivo by these tw o  s truc tu res  using 
labelled tryp tophan. The resu lts o f th is  study are reported  in the next chap ter.
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CHAPTER V
EFFECTS OF LOW PROTEIN AND RESTRICTED HIGH PROTEIN 
ISOCALORIC DIETS ON THE WEANLING RAT ON THE UPTAKE OF 
TRITIATED L-(G-^H) TRYPTOPHAN INTO THE BRAIN AND PLATELETS
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5.1 IN TR O D U C TIO N
I t  was shown in the preceding chapter tha t the variables concerned w ith  
serotonin m etabolism  were s ig n if ic a n tly  and pe rs is ten tly  h igher in the blood 
p la te le ts  o f m alnourished anim als than in the brain synaptosomes o f the same 
anim als when values were expressed as a ra tio  to  p ro te in .
I t  was also shown th a t the concentra tions o f TP and 5 -H IA A  were s im ila r 
in the synaptosomes and p la te le ts  o f the same co n tro l anim als, a lthough the 
concen tra tion  o f seroton in  was s ig n ific a n tly  h igher in  the p la te le ts  than in the 
synaptosomes.
In add ition  to  its  physio log ica l ro les, a ttem p ts  have been made to  u ti l iz e  
tryp tophan pharm aco log ica lly . A dm in is tra tio n  o f tryp tophan has been shown to  
im prove sleep in ra ts  and to  ac t as a hypnotic  in humans (H artm ann, 1977). I t  
has also been used as an antidepressant (Coppen e t a l., 1963, 1967; M o lle r e t 
1976; W alinder a t W., 1976). I t  m od ifies appe tite  and food in take  in the 
weanling (Woodger e t a l., 1979) and adu lt (Latham  and B lunde ll, 1979) male ra t,  
and also reduces locom oto r a c t iv ity  (Marsden and Curzon, 1976).
C lin ic a lly , d isturbances of tryp tophan m etabolism  have been observed in 
some ’inborn errors o f m etabo lism ’ such as Hartnups disease, in pe llagra  and in 
some kinds o f depression and mania (M urphy e t a l., 1978).
In the lig h t o f the resu lts obtained fro m  the studies in C hapter IV and the 
im p lica tions  o f tryp tophan in the previously m entioned phys io log ica l and 
pharm aco log ica l s itua tions, i t  seemed to  be o f in te res t to compare its  uptake in
in to  brain tissues, and especia lly in to  synaptosomes w ith  th a t in blood 
p la te le ts .
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5.2 M ATER IALS AND METHODS
The procedure fo r the anim als used in th is  study and th e ir  diets were as 
described in C hapter IV. Weanling male ra ts were given e ith e r the high p ro te in  
d ie t (contro ls), low p ro te in  d ie t (LP) or an isoca lo ric  am ount o f the high p ro te in  
d ie t (RHP) fo r 28 or 56 days.
On the m orning o f the day th a t the animals were to  be k ille d , they were 
given an in tra p e rito n e a l • (i.p .) in je c tion  o f 0.2 pC i per g body w e igh t o f 
t r i t ia te d  L -(G -^ H ) TP (^H -T P ). The sp ec ific  a c t iv ity  o f the ^H -T P  was 
6.6 C i/m m o l; 32 m C i/m g  and rad ioac tive  concen tra tion  was 1.0 m C i/m l. Food 
was w ithd raw n a fte r  the a dm in is tra tion  but the animals had access to  w a te r. 
AL^er 60 m inutes, the anim als were k ille d  by decap ita tion .
A ll samples were obtained and processed as described in the preceding
chapter. The measurem ent o f the uptake o f ^H -T P  in to  bra in  tissue (inciud ing
the subce llu ia r frac tions), piasma and biood p ia te le ts  and the subsequent
inco rpora tion  in to  th e ir  respective  prote ins was described in C hapter II,
section 2.2(c)6. Oniy the p ro te in  contents o f the sampies were determ ined as 
previously described. CN
5.3 RESULTS
5-3.1 E ffe c ts  on the Body and Brain Weights
The mean body weights o f each o f the three groups a t the beginning o f the 
experim en t were 56 + 1 g fo r co n tro l; 59 + 1 g fo r LP; and 57 + 1 g fo r  RHP fo r
the groups on 28 day duration  and 56 + 2 g fo r each o f the three groups on the 
56 day tre a tm e n t.
A t the end o f 28 days on the d ie ts, the mean body w e igh t o f the LP anim als
had risen by about 5 + 2 g; tha t o f the RHP anim als by 67 + 4 g, and o f the 
co n tro l by 165 + 10 g.
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A s im ila r trend  was observed in the groups o f anim als fed fo r 56 days on 
the isoca loric  d ie ts. During th is  period, the mean body w e igh t o f the LP anim als 
rose by 18 + 4 g; th a t o f the RHP anim als by 102 + 15 g and th a t o f the con tro ls  
by 262 + 15 g.
The mean body w e igh t o f the anim als in each o f the three  groups were very 
s ig n if ic a n tly  d if fe re n t (Tables 5.3 and 5.4). The same p a ra lle l le ve l o f 
s ign ificance  was also observed in the d iffe rences in th e ir  bra in w e ights. The 
trend  in the bra in w e igh t : body w e igh t ra tio  (%) in each group was s im ila r to  
th a t in C hapter IV.
5.3.2 E ffe c ts o f M a ln u tr it io n  on the Uptake o f ^H -T P  in to  Plasma
The uptake o f H -T P  in to  the plasma was low est in the LP anim als o f both 
the 28 and 56 day experim ents, and was s ig n ific a n tly  low er than in both the RHP 
animals and the con tro ls  (Tables 5.1 and 5.2). The uptake in to  the plasma o f the 
RHP animals o f the 28 day experim ent was not s ig n ific a n tly  d if fe re n t fro m  th a t 
in the contro ls  (Table 5.1) but in the 56 day experim ent the value in the RHP 
animals was s ig n if ic a n tly  low er than in the con tro ls  (Table 5.2).
There was no d iffe re n ce  in the uptake o f ^H -T P  in to  the u lt r a f i l t r a te  o f
the plasma between the 28 day RHP and co n tro l animals (Table 5.1). In con tras t,
the uptake in to  the plasma u lt ra f i l t r a te  o f the 56 day RHP anim als was 
s ig n ific a n tly  low er than in the contro ls  (Table 5.2).
There was no s ig n ifica n t d iffe re n ce  in the inco rpo ra tion  o f ^H -T P  in to
plasma prote ins o f the 28 day LP, RHP and con tro ls  (Table 5.1). In con tras t
however, the inco rpo ra tion  o f ^H -T P  in to  plasma prote ins o f the 56 day LP 
anim als, was s ig n ific a n tly  low er than in the contro ls  but not s ig n if ic a n tly  
d if fe re n t from  th a t in the RHP animals (Table 5.2).
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The concentra tions o f plasma TP were s ig n ific a n tly  low est in the LP 
anim als in both experim ents (Tables 5.1 and 5.2). The RHP anim als had 
s ig n if ic a n tly  low er concentra tions o f plasma TP than the con tro ls , w h ile  the 
d iffe rences between the LP and RHP anim als in the tw o  experim ents obtained
the same leve ls o f s ign ificance  as was found between LP and co n tro l anim als 
(Tables 5.1 and 5.2).
5*3.3 E ffe c ts  o f M a ln u tr it io n  on the Uptake o f ^H -T P  in to  R at Brain
(i) Whole Brain
No s ig n ifica n t d iffe rences were observed in the concentra tions or absolute 
amounts o f bra in p ro te in  in the 28 day anim als (Table 5.3). The concen tra tion  o f 
b ra in  p ro te in  in the 56 day animals was higher than at 28 days, but again, there 
was no sig. ir ic a n t d l. -erence between the groups. However, the brains o f the LP 
anim als contained s ig n ific a n tly  less p ro te in  than e ithe r the con tro ls  or the RHP 
animals (Table 5.4).
The uptake o f ^H -T P  (dpm/g bra in) in to  the brains o f the 28 day anim als 
was s ig n ific a n tly  h igher than in th e ir  con tro ls  (Table 5.3). I t  was, however, 
s ig n if ic a n tly  low er than in the RHP anim als. When the uptake o f ^H -T P  was 
expressed per mg p ro te in , these d iffe rences disappeared.
In con tras t, the uptake o f H -T P  in to  the brains o f 56 day LP anim als was 
s ig n ific a n tly  low er than in those o f e ith e r the contro ls  or RHP anim als 
(Table 5.4). S im ila r d iffe rences were apparent when the uptake was re la ted  to  
p ro te in  fo r the value in the LP anim als was again low er than in e ith e r the 
con tro ls  or RHP anim als.
The inco rpora tion  o f ^H -T P  (dpm /g bra in) in to  the p ro te in  o f the bra in 
tissue was highest in the 28 day LP anim als, in te rm ed ia te  in the RHP anim als
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and low est in the con tro ls  (Table 5.3). The higher Inco rpo ra tion  in the LP 
anim als was s t i l l  apparent when the values were re la ted  to p ro te in .
S im ila r e ffe c ts  were observed in the 56 day anim als except th a t the 
s ig n ific a n t d iffe rence  between the RHP animals and the con tro ls  was not 
apparent (Table 5.4), and the d iffe rences between the LP and co n tro l anim als 
was sm alle r.
( ii)  C ytoso l
The uptake o f H -T P  in to  the ce ll body cytoplasm  was s ig n if ic a n tly  low er 
in the 28 day LP animals than in the con tro ls , whereas the uptake in the RHP 
anim als was higher than in the contro ls  (Table 5.5).
The inco rpo ra tion  o f ^H -T P  in to  p ro te in  was also s ig n if ic a n tly  low er in the 
LP anim als when compared w ith  th a t in the o the r tw o groups.
S im ila r e ffe c ts  were observed in the cytoso l o f the 56 day anim als 
(Table 5.5) except th a t the levels o f s ign ificance  were higher and th a t the uptake
3
o f H -T P  was low est in the LP animals and highest in the con tro ls . There was no 
s ig n ifica n t d iffe rence  in the inco rpo ra tion  o f ^H -T P  in to  the cy toso lic  p ro te ins 
in the 56 day animals.
( i i i)  M ye lin
3
The uptake o f H -T P  in to  the m yelin  o f the 28 day LP anim als was 
s ig n ific a n tly  h igher than in the con tro ls . S im ila r e ffe c ts  were observed when the 
RHP animals were compared w ith  the contro ls  (Table 5.6). In co n tra s t, there  
was no s ig n ifica n t d iffe rence  in the uptake o f ^H -T P  in to  the bra in m ye lin  o f the 
56 day anim als (Table 5.6).
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The inco rpo ra tion  o f ^H -T P  in to  the m yelin  pro te ins o f the 28 day LP 
anim als was s ig n ific a n tly  h igher than in the con tro ls  o r the RHP animals 
(Table 5.6). Again, th is d iffe rence  was not apparent in the 56 day animals 
(Table 5.6) w h ile  the inco rpora tion  o f ^H -T P  in to  the p ro te ins o f brain m ye lin
was highest in the 28 day LP animals and low est in the LP anim als o f the 56 day 
experim en t.
(iv ) Synaptosomes
Table 5.7 shows th a t there were no s ig n ifica n t d iffe rences in the uptake o f 
H -T P  and its  inco rpo ra tion  in to  the pro te ins o f the synaptosomes o f the 28 day 
anim als. H ow ever, in  the 56 day experim ent, the higher uptake in to  the RHP 
synaptosomes and the higher inco rpora tion  in to  p ro te in  in the LP anim als was 
jus t s ig n ifica n t when compared w ith  the con tro ls  respective ly .
5.3.4 E ffe c ts  o f M a ln u tr it io n  on the Uptake o f ^ H -T P  in to  Blood P la te le ts
The p la te le t count in the 28 day LP animals was s ig n ific a n tly  low er than in 
e ithe r the RHP animals or the con tro ls  (Table 5.8). In the PRP the d iffe re n ce  
between the LP animals and the o ther tw o groups was very much g rea te r.
S im ila r d iffe rences were found in the p la te le t counts in the 56 day 
m alnourished animals when compared w ith  the con tro ls  except th a t the counts in 
the RHP animals were s ig n ific a n tly  low er than in the con tro ls  and th a t there  was 
no s ig n ifica n t d iffe rence  between the counts in LP and RHP anim als (Table 5.9).
The values fo r the uptake o f ^H -T P  in to  p la te le ts  and the inco rpo ra tion  o f 
H -T P  in to  p la te le t p ro te in  o f 28 day LP animals were very s ig n if ic a n tly  h igher 
than those fo r e ith e r the contro ls  or RHP anim als (Table 5.8); those fo r  RHP 
anim als were also s ig n ific a n tly  h igher than fo r the contro ls .
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S im ila r e ffe c ts  were observed in the 56 day animals except th a t the uptake 
o f ^H -T P  in to  the p la te le ts  o f RHP animals was low est (Table 5.9), and th a t the 
inco rpo ra tion  o f H -T P  in to  p la te le t p ro te in  o f the RHP anim als, though h igher, 
was not s ig n ific a n tly  d if fe re n t from  th a t o f the con tro ls  (Table 5.9).
I t  is c lea r from  the values fo r  uptake and inco rpora tion  o f ^H -T P  in to  
p la te le t p ro te in  th a t the values fo r the ind iv idua l anim als were very va riab le . 
This was p a rtic u la r ly  true  fo r the LP anim als in both experim ents. Thus when 
inco rpora tion  o f H -T P  in to  p la te le t p ro te in  was compared w ith  to ta l uptake, 
the values fo r  the LP and RHP animals were not s ig n ific a n tly  d if fe re n t, whereas 
in the con tro ls , uptake exceeded inco rpo ra tion .
5 .3 .5 .E ffe c ts  o f M a ln u tr it io n  on the Uptake o f ^ H -T P  in to  R a t B ra in Synaptosomes 
and Blood P la te le ts  o f the Same A n im a l
The ^H -T P  uptake in to  blood p la te le ts  o f 28 day LP anim als was 
s ig n ific a n tly  h igher (p < 0.001) than in the ra t b ra in  synaptosomes o f the same 
anim als. S im ila r re la tionsh ips were observed in the RHP anim als. In con tras t, 
the values fo r the synaptosomes and p la te le ts  o f the con tro ls  were s im ila r 
(Table 5.10).
S im ila r d iffe rences were found in the 56 day LP and RHP anim als. A t th is  
age, the co n tro l anim als also had s ig n ific a n tly  h igher (p < 0.001) values in the 
p la te le ts  when compared w ith  those in the synaptosomes (Table 5.10).
The inco rpora tion  o f ^H -T P  in to  prote ins was s ig n ific a n tly  h igher in the 
p la te le ts  o f malnourished 28 and 56 day anim als than in th e ir  synaptosomes 
(Table 5.10). A lthough the values fo r  the co n tro l anim als in the 28 day 
experim ent were s im ila r, those in the 56 day experim ent were, in con tras t, 
s ig n ific a n tly  h igher (p < 0.02) in the p la te le ts  than in the co n tro l synaptosomes 
(Table 5.10).
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5.4 DISCUSSION
5.4.1 Body W eight -  B ra in W eight Relationships
I t  is w e ll-es tab lished  th a t the grow th  o f the bra in  is re ta rded  less by 
m a ln u tr it io n  than th a t o f the body (C hapter IV). Those re la tionsh ips  have been
con firm ed  again in th is  experim en t.
5.4.2 Plasma TP and ^H -T P  Uptake in to  Plasma
The concentra tions o f TP in the plasma o f the th ree  groups o f 56 day 
anim als in th is  experim en t was s im ila r to  those obta ined in the  previous 
experim en t (C hapter IV). M oreover, the concentra tions in the  28 day anim als 
were s im ila r to  those o f 56 days.
C le a rly , the depression o f the TP concen tra tion  re su lting  fro m  the LP  d ie t 
was no t progressive. A gain , as in the previous expe rim en t, the  lo w e r values 
compared w ith  con tro ls , in the RHP anim als show the s u s c e p tib ility  o f plasm a TP 
to  d ie ta ry  p ro te in  and its  a lm ost com plete  independence o f d ie ta ry  energy.
The uptake o f ^H -T P  in to  plasma o f the LP anim als was low e r than th a t in 
the con tro ls . This may be as a re su lt o f the d ilu tio n  o f the ^H -T P  by the  
increased e x tra c e llu la r f lu id  (ECF) volum e o f the LP anim als. H ow ever, the 
spec ific  a c t iv ity  in the LP anim als ca lcu la ted  as the ra t io  o f dpm per pg TP was 
higher (18 and 60 a t 28 and 56 days respective ly ) than in the co n tro ls  (15 and 24 
a t 28 and 56 days respec tive ly ). The values in the RHP anim als (15 and 
27 dpm /gg  TP a t 28 and 56 days respective ly ) were s im ila r to  those o f the  
con tro ls .
The g rea te r magnitude observed in the 56 days e xpe rim en ta l anim als
suggest th a t m ore ^H -T P  was being m obilised in to  the brains o f these anim als
than in to  those o f 28 days, ind ica tin g  in add ition  an age -re la te d  e ffe c t .  A lso i t
seemed th a t, a t any ins tan t, the ra te  o f e ff lu x  o f ^H -T P  fro m  the plasm a
3pro te ins (may be, on dep le tion) was fas te r than the in co rpo ra tion  o f H -T P  in to  
the plasma pro te ins o f the LP anim als than the contro ls  as was suggestive o f the  
low er counts o f ^H -T P  in the plasma prote ins o f the LP anim als than in the  
con tro ls .
5.4.3 Uptake o f ^H -T P  in to  R at B rain
(i) Whole Bra in
A lthough there  was more uptake o f ^H -T P  in to  the brains o f the an im als on 
the isoca loric  re s tr ic te d  high p ro te in  (RHP) d ie t than e ith e r in to  the bra ins o f 
the LP animals or in to  the con tro ls  o f the 28 day expe rim en t, the  LP  an im als had
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Lhe g rea te r tu rnover o f p ro te in  as measured by percentage ^H -T P  inco rpora tion  
in to  bra in p ro te in . An increased ^H -T P  incorpora tion  s im ila r to  th a t in the 
28 day LP animals (about one and a h a lf tim es tha t o f the co n tro l) was also 
apparent in the 56 day anim als. This was in spite o f the to ta l uptake in to  the
brains o f the LP anim als being low er than in e ith e r the RHP anim als or the 
contro ls .
I t  would seem th a t the p ro te in -d e fic ie n t ra ts  were synthesising p ro te in  a t 
a g rea te r ra te  than the w e ll- fe d  or food deprived anim als. However, the 
a v a ila b ility  o f labelled  ( H) TP was probably g rea te r in the LP anim als since the 
plasma spec ific  a c t iv ity  was considerably h igher. M a ln u tr it io n  does, however, 
re ta rd  developm ent and thus the LP anim als would be phys io log ica lly  younger. 
W inick (1976) has shown th a t p ro te in  synthesis is more ac tive  in im m atu re  
compared w ith  m ature ra ts . I t  appears th a t there was no age -re la ted  e ffe c t in 
the amino acid inco rpora ting  capac ity  in the co n tro l anim als.
These find ings are in con tras t to  those o f La jtha  and Dunlop (1974), Dunlop 
£ t_a l. (1977) and D w yer e t al. (1980), th a t the ra te  o f bra in p ro te in  synthesis 
progressive ly declines during postnata l developm ent in the ra t.  A decline w ith  
age in in v ivo inco rpora tion  o f amino acids has been shown to  occur a t the same 
tim e  as a reduction  in in v itro  capac ity  o f the brain ribosomes to  synthesize 
peptide chains in c e ll- f re e  systems (Yam agam i and M ori, 1970; Andrews and 
Tafa, 1971).
( ii)  C ytosol
In the 28 day experim ent, the brain cy toso lic  fra c tio n  o f the RHP anim als 
had the highest uptake o f H -T P . However, the percentage tu rnove r o f p ro te in  
in the LP animals was s im ila r to th a t in the contro ls  but g rea te r than in the RHP 
animals.
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In the 56 day experim en t, there was, again, a tw o -fo ld  d iffe re n ce  in the
inco rpo ra ting  capac ity  o f the LP anim als when compared w ith  both the RHP 
anim als and the contro ls .
The tw o - fo ld  d iffe rence  between the LP and o the r tw o  groups in the  56 day 
experim ent was not apparent in the 28 day experim ent. This suggests a 
d is to rtio n  in the LP anim ais w ith  respect to  the age -re ia ted  progressive decline
m bra in p ro te in  synthesis seen in the RHP anim als and the con tro ls  o f both  28
and 56 day experim ents.
( i i i)  M ye lin
In spite o f the fa c t th a t the 28 day co n tro l animals had the low est uptake 
o f ^H -T P  in to  th e ir  brain m ye lin , they had the highest percentage inco rpo ra tion  
o f the labe lled  amino acid in to  th e ir  m ye lin  p ro te in , w ith  th a t o f the LP anim als 
in te rm ed ia te  in both 28 and 56 day experim ents. In the 56 day anim als, the 
lowest percentage tu rnover o f p ro te in  was found in the LP anim als w h ile  the 
highest was s t i l l  seen in the contro ls .
I t  seems th a t in the male ra t, the inco rpora tion  o f the p ro te in  po rtion  o f
m yelin  during m ye lina tion  is tak ing  place more a c tiv e ly  between 52 and 80 days
o f age than between 24 and 52 days o f age, as shown by the h igher in co rpo ra tion
o f H -T P  in to  m ye lin  p ro te in  in a ll three groups o f 56 day anim als. The m ye lin
p ro te in  tu rnover was highest in the contro ls , in te rm ed ia te  in the RHP anim als 
and low est in the LP anim als.
The deductions from  these observations are th a t p ro te in  de fic iency  a ffe c ts  
the m ye iin  p ro te in  fo rm a tion  much more than und e rn u trition . These d e fic its  o r 
de fic ienc ies may re ta rd  m ye lina tion  and or delay its  m a tu ra tion , and thus a ffe c t  
b ra in  func tion .
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These find ings co n firm  the observations made in Chapter IV and support 
the v iew  o f Agraw al e t al. (1976) and D ickerson e t a l. (1972) as shown in 
C hapter IV. These find ings, w ith  respect to age -re la ted  increase, are supported 
by the observation th a t the ra t and mouse m ye lin  conta in  tw o spec ific  basic
pro te ins which increase during developm ent o f the m ye lin  sheath (Campagnoni e t 
a l., 1978).
F in a lly , Wiggins and F u lle r (1979), using a double isotope technique, showed 
th a t early  postnata l und e rn u trition  in the ra t depresses m ye lin  synthesis to  about 
the same exten t in a ll m ajor brain regions. They concluded also, as D ickerson e t 
a l. (1972) did w ith  respect to cho leste ro l in th e ir  experim ent m entioned in 
C hapter IV, th a t fu l l recovery in term s o f the to ta l amount o f m ye lin  in the bra in 
was not possible on subsequent re h a b ilita tio n .
(iv ) Synaptosomes
There was a fa l l  in the TP inco rpora ting  capac ity  in to  p ro te in  in a ll th ree  
groups o f the 56 day anim als when compared w ith  th e ir  coun terpa rts  o f the 
28 day experim ent. In the 28 day experim ent, the inco rpora tion  o f ^H -T P  in to  
p ro te in  in the LP anim als was 68% o f the to ta l uptake, whereas in the RHP and 
co n tro l animals the inco rpora tion  was 79% and 80% respec tive ly .
The fa l l in inco rpo ra tion  w ith  increasing length o f experim ent was less in 
the LP animals (68% to 61%) than in the RHP animals and contro ls  (79% to  57% 
and 80% to  65% respective ly ). Thus, d iffe rences apparent a t 28 days seem to  
disappear a t 56 days and as in Chapter IV, there  is an existence o f apparent 
m e tabo lic  s ta b il ity  in the synaptosomes. In add ition , these find ings are in 
agreem ent w ith  La jtha  and Dunlop (1974), Dunlop e t al. (1977) and D w yer e t al. 
(1980), as shown above.
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5.4.4 ^H -TP  Uptake into Blood Platelets
The p la te le t counts per m l blood or per m l p la te le t - r ic h  plasma (PRP) in 
the 56 day experim ent presented in th is  chap ter were somewhat h igher in each o f 
the three groups compared w ith  the values presented in C hapter IV. I t  is
probable th a t one co n trib u tin g  fa c to r  accounting fo r these d iffe rences was an 
im provem ent in technique.
A ccep ting  th a t the counts per m l o f PRP were ra the r h igher in th is second 
experim en t, the re la tionsh ips between the counts obtained in the three groups 
were, in fa c t, s im ila r to  the highest values obtained in the con tro ls  and the 
low est in the LP anim als. Thus, i t  is con firm ed  th a t a low  p ro te in  d ie t has a 
s ig n ifica n t e ffe c t on the number o f p la te le ts  recoverab le  in the PRP.
The absolute values fo r  p la te le t p ro te in  in th is  experim en t were 
considerably h igher than in the previous experim ent but the concen tra tion  in the 
LP anim als was again considerably low er than in the contro ls  w ith  those in the 
RHP anim als being in te rm ed ia te .
The values fo r  ^H -T P  uptake and inco rpora tion  in the LP anim als in both 
the 28 and 56 day experim ents, were s ig n if ic a n tly  h igher than in the con tro ls . 
However, the values fo r inco rpora tion  in both  groups o f m alnourished (especia lly 
the LP) anim als were not s ig n ific a n tly  d if fe re n t from  those fo r  to ta l uptake.
Thus, in these anim als, a ll the ^H -T P  entering  the p la te le ts  was 
incorpora ted in to  p ro te in  and l i t t le  or none would have been ava ilab le  fo r 
synthesis o f seroton in . The re la tionsh ip  in the contro ls  was d if fe re n t, w ith  
uptake being higher than inco rpora tion .
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The find ings in the malnourished (especia lly the LP) anim als, would appear 
to  support the v iew  th a t the p la te le ts  lack the a b ility  to synthesize serotonin 
because they lack the necessary enzymes (Zucker and B o re lli, 1958) especia lly 
tryp tophan -5 -hyd roxy lase , the lim it in g  enzyme in the synthesis o f serotonin.
However, the re la tionsh ip  between the uptake o f ^H -T P  and its  
inco rpora tion  in to  the p la te le t pro te ins in the co n tro l anim als, was d if fe re n t 
fro m  th a t in the LP anim als and was in agreem ent w ith  la te r  reports  (Lovenberg 
e t ^ . ,  1968; Marm aras and M im ikos, 1971) th a t p la te le ts  do conta in  the enzymes 
fo r  serotonin synthesis. Lovenberg e t al (1968) showed th a t the s ig n ifica n t 
a c t iv ity  observed in the human p la te le ts  was dependent on the c o -fa c to rs , 
m ercaptoethano l and ferrous ions. While M arm aras and M im ikos (1971), 
dem onstrated th a t pyridoxa l phosphate was necessary as a noenzyme fo r the 
5 -hyd roxytryp tophan  (5-H TP ) decarboxylase enzyme.
I t  seems th a t the low  p ro te in  d ie t inh ib ited  the synthesis o f the tw o  
enzymes.
Comparison o f ^H -T P  Uptake in to  R at Brain Synaptosomes and the Blood 
P la te le ts  o f the Same Anim al
In the 28 day (i.e . 52 days o f age) co n tro l anim als, the uptake and 
inco rpo ra tion  o f ^H -T P  in to  p la te le ts  was s im ila r to  th a t in the synaptosomes 
and the re fo re  i t  could be th a t measurements made on p la te le ts  m im ic  w hat 
occurs in synaptosomes. This re la tionsh ip  was not, however, apparent in the 
56 day (i.e . 80 days o f age) co n tro l animals.
Nevertheless, the re la tionsh ip  th a t was observed in the 28 day co n tro l 
animals, c le a rly  depends on the n u tr it io n a l status o f the anim als fo r  the 
corresponding values in the p la te le ts  o f both groups o f m alnourished anim als
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were s ig n ific a n tly  h igher in p la te le ts  in both the 28 day and 56 day experim ents
compared w ith  synaptosomes. Thus, these m etabo lic  studies using ^H -T P  fu lly  
co n firm  the resu lts presented in Chapter IV.
As in Chapter IV, these e ffe c ts  must be considered against the background 
o f the use o f measurements on blood p la te le ts  as models fo r  synaptosomes In 
p sych ia tric  disorders (Joseph e t a l., 1977; W irz -Ju s tice  and Puhringer, 1978a,b; 
Stahl e t a l., 1982), o ve ra ll steady s ta te  measurements, and (Tuom lsto and 
Tukia inen, 1976; S tahl e t a l., 1982; L ing jaerde, 1984) k in e tic  measurements.
Many depressives have reduced food in take  and a recen t study 
(K . C hung-a-O n e t a l.. Personal Com m unications) has, in fa c t,  shown th a t 
fem ale depressives had a low er energy in take  and both male and fem ale  
depressives had low er e ry th rocy te  fo la te  concentra tions. These observations
suggest th a t measurem ent o f n u tr it io n a l status is necessary in con junction  w ith
investiga tions o f serotonin m etabolism .
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CHAPTER VI 
GENERAL DISCUSSION 
AND 
CONCLUSION
1 6 2
6.1 D IS C U S S IO N
The investiga tions ca rried  out in th is  study were undertaken to  va lid a te  the 
use o f blood p la te le ts  as a m odel fo r ce n tra l neuronal se ro tonerg ic synaptic
transm ission. The variab les, tryp tophan  (TP), 5 -h yd roxy tryp tam in e , 5 -H T
(seroton in) and 5 -hydroxy  indole a ce tic  acid  (5 -H IA A ) were determ ined in the
bra in  (synaptosomes) and blood p la te le ts .
When the LP  anim als were compared w ith  the con tro ls , the ra t io  o f the 
b ra in  TP concen tra tion  to  th a t o f plasma TP, was much h igher in the LP anim als 
than in  the con tro ls . Thus, in sp ite  o f the low  value o f plasma TP in the  LP  
anim als, the concen tra tion  o f the bra in  TP was a lm ost as high (though 
s ig n if ic a n tly  low er) as the bra in  TP in the con tro ls . The sero ton in  concen tra tion  
was h igher in the LP anim als than in e ith e r RHP animals o r con tro ls .
This was e lucidated in the ^H -T P  uptake studies when the sp e c ific  a c t iv ity  
(dpm per pg TP) in the plasma TP o f the LP  anim als was found to  be much h igher 
than in contro ls ; suggesting th a t more ^H -T P  was being made ava ilab le  to  the 
b ra in  o f LP anim als than in e ith e r undernourished or c o n tro l anim als (Fernstrom  
and W urtm an, 1971a, 1971c, 1972a).
However, the va ria tions  in the concen tra tions o f b ra in  TP seen between the 
brains o f the LP animals and the con tro ls , did not ex is t in the synaptosomes. In 
fa c t,  m a ln u tr it io n  did not seem to  a ffe c t  sero ton in  m etabo lism  in the 
synaptosomes. Fu rthe rm ore , the ^H -T P  uptake studies showed th a t m e tab o lic  
s ta b il ity  in the synaptosomes was b e tte r established a t a more advanced age 
(80 days ra th e r than 52 days) o f the ra t.
I t  seems th a t the resistance o f the synaptosomes to  PEM is an adap ta tion  
to  the e ffe c ts  o f n u tr it io n a l d e fic iency , thus in th is  respect and to  some e x te n t, 
safeguarding and preserving bra in  fu n c tio n . I t  could also be in fe rre d  th a t 
enzymes Involved in serotonin synthesis a t the synapse are preserved (F ernstrom  
and H irsch, 1977; Neckers e t a l, 1977).
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Investiga tions on the blood p la te le ts  have shown th a t p la te le t num ber Is 
reduced by m a ln u tr it io n , and much more by low p ro te in  than u n d e rn u trition . The 
co rre la tions  between p la te le t number and p la te le t serotonin found in the co n tro l 
anim als was d is to rted  in PEM. This d is to rtio n , once again, was made c lea re r 
when a lm ost a ll the ^H -T P  taken up by the p la te le ts  was inco rpora ted  in to  
p la te le t p ro te in ; thus making a lm ost noth ing availab le  fo r seroton in  synthesis 
(Zucker and B o re lli, 1958).
M a ln u tr it io n , especia lly low p ro te in  d ie t, makes p la te le ts  very vu lnerab le . 
P la te le t p ro te in  is h igh ly reduced in p ro te in  d e fic iency . This not only a ffe c ts  the 
p la te le t to ta l p ro te in , but also pro te ins th a t are invo lved in in tra c e llu la r  b inding 
and securing o f seroton in  as a com plex-SBP fo r storage.
The amount o f TP, 5 -H IA A  and, in p a rticu la r, seroton in  as a ra t io  to  
p la te le t p ro te in  was a ffe c ted  by PEM due probably to  the dep le tion  o f to ta l 
p la te le t p ro te in  ra th e r than the se ro ton in -b ind ing  p ro te in . The p la te le t 
inco rpo ra tion  o f ^H -T P  in to  its  p ro te in  suggests th a t the p ro te in  dep le tion  
theory  may be sustained. This shows th a t binding o f serotonin in tra c e llu la r ly  by 
the p la te le ts  is a vulnerable process.
When the synaptosomes are compared w ith  p la te le ts  on the basis o f the 
constituen ts  th a t take pa rt in serotonin m etabo lism , the fo rm e r is seen genera lly  
to  be less susceptib le to  the e ffe c t o f n u tr it io n a l depriva tion  (G raham e-Sm ith  
and P a r f i t t ,  1970; H erre ro  e t 1983) than the blood p la te le ts .
The blood p la te le ts  seem to  m im ick  the synaptosomes in the uptake and 
transport o f TP across the membrane. So also is the fo rm a tio n  o f 5 -H IA A  
s im ila r in both tissues. However, serotonin synthesis and its  steady s ta te  in the 
p la te le ts  are d if fe re n t from  the s itu a tio n  found in the synaptosomes. The
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seroton in  leve ls in the p la te le ts  o f the con tro ls  are higher than those o f the
synaptosomes o f the same anim al. The dep le tion  of p la te le t p ro te in  may be 
responsible fo r th is  d iffe re n ce .
Thus the m etabo lic  s ta b il ity  ex is ting  in the synaptosomes does not seem to  
be a func tion  o f the p la te le ts . In o the r words, the instrum ents invo lved in 
op tim a l func tion ing  o f the brain are safeguarded and preserved even under 
n u tr it io n a l dep riva tion  w h ile  th is  is not the case w ith  the p la te le ts  w hich are 
very vu lnerable to the aforesaid s itu a tio n .
Investiga tions on other subce llu la r fra c tion s  o f the bra in  have shown also 
th a t th e ir  s tru c tu ra l components and fun c tio n  may be a ffe c te d  by PEM (Davison and 
Dobbing, 1966, 1968; D ickerson e t a l, 1972; M era t and D ickerson, 1974; Yusuf and 
D ickerson, 1978). The m ovem ent o f ce llu la r components as shown by the axonal 
transpo rt system in the neuron con firm s the find ings o f the presence o f some o f 
these components in some o f the subce llu la r fra c tio n s  Appendix 1, expe c ia lly  the 
m ye lin  (G rahem e-Sm ith, 1968; M iyakawa and Ish itan i, 1982).
I t  is c lea r from  the various find ings in th is  study th a t p la te le ts  are prone to  
the vu ln e ra b ility  in f lic te d  as a resu lt o f n u tr it io n a l dep riva tion , and m ore also to  
low  p ro te in  de fic iency . A lthough the p la te le ts  may m im ick  the synaptosomes in 
the uptake and transpo rt o f tryp tophan (Wood e t 1979), th is  s im ila r ity  seems 
to  disappear w ith  advancing age in ra ts .
Serotonin leve l and accum ula tion  were seen to be d is to rte d  by PEM, 
especia lly  in low  p ro te in  de fic iency . Even a t physio log ica l stable n u tr it io n a l 
s ta tus, seroton in  stable s ta te  a t the synapse was s t i l l  d is to rte d . This suggests 
th a t the uptake at the cytop lasm ic membrane (Sm ith e t a l, 1977; Chou e t a l, 
1983) and the storage as a p ro te in  com plex (Tam ir e t al, 1980) are ve ry  d if fe re n t
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fro m  those o f the synaptosomes. The a f f in ity  and binding o f the 
se ro ton in -b ind ing  p ro te in  (SBP) o f the p la te le t seems not to be as f irm  and less 
susceptib le to  the e ffe c t o f n u tr it io n  than the synaptic SBP.
So, the use o f p la te le ts  the re fo re , to  m o n ito r reac tion  o f the brain a t the 
synapse, e ithe r by the use o f psychotrop ic drugs, or de te rm in ing  the stable s ta te  
o f seroton in  in pa tho log ica l s itua tions such as depressive or o the r a ffe c t iv e  
disorders, or in non-physio log ica l conditions must be ca rried  out w ith  caution  in 
in te rp re tin g  the observations made. I t  should be borne in m ind th a t the p la te le ts  
are very susceptib le to  n u tr itio n a l in fluence and the n u tr it io n a l status o f the 
subject must be ascerta ined before any m eaning fu l conclusion can be made.
I t  seems c lea r th a t in severe PEM, the blood p la te le ts  may not be used as 
a model fo r the synaptosome. However, they may be very useful in assessing the 
n u tr it io n a l status o f a sub ject. As blood p la te le ts  are invo lved in im p o rta n t 
physio log ica l functions such as blood coagulation mechanism, the blood c lo tt in g  
process and synthesis o f fun c tio na l substances like  the prostaglandins, i t  is 
possible th a t some aspects o f these processes w il l  also be a ffe c te d , in ind iv idua ls  
w ith  PEM.
6.1 SUGGESTIONS FOR FURTHER WORK
The e ffe c t o f re h a b ilita tio n  was not ca rried  out in th is  study. I t  w il l  
the re fo re  be o f in te res t to  see w hether the d e fic its  observed in these 
investiga tions would be reversed. As the exercise is m a in ly concerned w ith  
human subjects w ith  PEM or some type o f n u tr it io n a l dep riva tion , i t  is suggested 
th a t the under-m entioned p ro toco l should be done in ra ts  in p a ra lle l w ith  human 
subjects.
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Investiga tions should be done on diagnosed cases of kw ash iorkor, marasmus 
or m arasm ic-kw ash io rko r (PEM) on admission. The investiga tions should be 
ca rried  out throughout the period o f stay in the place o f admission (as an 
in -p a tie n t)  and continued a fte r  discharge u n til fu l l n u tr it io n a l status is achieved. 
An occasional v is it  should be made to  see i f  the e ffe c t o f a previous incidence o f 
PEM d is to rts  func tion  in a way th a t may not be c le a rly  m anifested.
In add ition  to  the above investiga tions, the binding capac ity  fo r  serotonin 
o f p la te le ts  fro m  m alnourished subjects w ith  im ip ram ine  should be ca rried  out. 
As th is  process has been thought o f as being one o f the most im p o rta n t links 
between the synaptosomes and the blood p la te le ts , i t  should, i f  possible, be 
ca rried  out throughout the period as m entioned above.
T h ird ly , the s e n s itiv ity  o f the p la te le ts  to  m a ln u tr it io n  should be exam ined. 
This is an im p o rta n t considera tion  in re la tio n  to  the use o f p la te le ts  in studies on 
human patien ts whose n u tr it io n a l status may be im pa ired . A series o f diets 
conta in ing  d iffe re n t amounts o f p ro te in  (0% - 25% casein) and carbohydrates 
should be fed to ra ts and the above investiga tions ca rried  out to  see when the 
p la te le ts  begin to  be vulnerable o the e ffe c t o f m a ln u tr it io n .
In the lig h t o f the data presented in appendix 3, 4 and 5, i t  w i l l  be o f 
in te res t to  see w hether the se n s itiv ity  o f p la te le ts  to  m a ln u tr it io n  w il l  p a ra lle l 
or be associated w ith  the haem ato log ica l indices which re f le c t e rythropo iesis.
I t  w il l  be noticed th a t the body reacts  d if fe re n tly  to  the nature  o f 
n u tr it io n a l depriva tion  to enable i t  m a in ta in  as much as possible some op tim a l 
physio log ica l fun c tio n . In the p ro te in  d e fic ie n t anim als, the w h ite  and red blood 
counts, haemoglobin concen tra tion , packed ce ll volume (haem atocrit) and the 
mean ce ll volume were s ig n ific a n tly  reduced. Thus there  was absence o f
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polychrom asia  w ith  fo rm a tio n  o f hypochrom ic m ic ro c y tic  red blood ce lls . The 
very reduced Hb and PCV and in fa c t WBC give a true  p ic tu re  o f early  
kw ash iorkor. The WBC may rise la te r as these ch ild ren  are prone to  in fe c tio n . 
The d if fe re n t ia l w h ite  count showed a lm ost egual percentages o f neu troph ils  and 
lym phocytes.
The undernourished anim als showed a s ig n ifica n t increase in the red blood 
count, haemoglobin and packed ce ll volum e. However, the w h ite  blood count and 
the mean ce ll volume were s ig n ific a n tly  reduced. Thus, in con tras t to  the LP 
anim als, these undernourished (also RHP) anim als make up fo r the n u tr it io n a l 
d e fic its  by the production  o f more red ce lls  w ith  increased polychrom asia 
thereby increasing the oxygen ca rry ing  capac ity  and, o f course, the PCV is also 
increased as a re su lt. However, th is is done at the expense o f the size o f the 
c e ll. Thus, m ic ro c y tic  red ce lls are produced w ith  evidence o f hypochrom ia. 
The ra tio  o f neu troph ils  to  lym phocytes was 1:2.
Thus i t  would be in te res ting  to  see how sensitive these e ry th ro p o ie tic  
m anipu la tions or adaptations would be to  m a ln u tr it io n  and w hether the 
conditions are revers ib le  on re h a b ilita tio n .
F in a lly , in the lig h t o f the resu lts  o f th is  study, I would suggest th a t 
subjects su ffe ring  from  a ffe c tiv e  disorders, especia lly depressed or p sych ia tric  
pa tien ts , should be investiga ted  during the period o f therapy, th e ir  n u tr it io n a l 
status should be m on ito red , im proved and fu lly  restored i f  possible. 
Investigations should also continue a fte r  they have recovered, especia lly on those 
whose n u tr itio n a l status is known and th e re a fte r as o u t-p a tie n ts .
I t  would seem th a t studies o f th is so rt are necessary in order to  va lida te  
fu r th e r the use o f p la te le ts  in studies re la tin g  to  psych ia tric  disorders.
A p p en d ix  1.
Axonal Transport 
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COROLLARY - PATHOLOGY
The E ffe c t o f g iv ing  Low  P ro te in  (LP) and R e s tric te d  H igh P ro te in  (RHP) 
Isoca lo ric  D ie ts  fo r 36 days on Various Tissues o f 
Weanling Male W istar A lb ino  R at
Four co n tro l, fou r RHP and fo u r Low  P ro te in  ra ts  were exam ined postm ortem  and 
tissues were taken fo r h is to logy.
The fo llo w in g  tissues were exam ined in H+E and PAS sta ined 5 pm p a ra ff in  wax 
sections: liv e r, k idney, adrenal, spleen, pancreas, te s tis , thy ro ids  and stom ach.
M acropathology - The live rs  o f a ll low  p ro te in  ra ts  were a taw ny  brown co lour,
but th e ir  o the r tisues were m acroscop ica lly  no rm a l.
M icropa tho logy -
Low P ro te in
L iv e r -  m arked m acrovesicu lar steatosis + glycogen accum u la tio n .
Testis - a c tive  spermatogenesis.
K idney - u n ila te ra l in te rm ed ia te  p ap illa ry  damage and a sm a ll area o f d is ta l
tubu la r d ila ta tio n .
Adrenals -  m arked ly vacuolated cytop lasm  in ce lls  o f the zona fa sc icu la ta .
Pancreas -  many a troph ic  acin i p a r tic u la r ly  a t the surface.
RHP
A drena l - m oderate vacuola ted cytop lasm  in zona fa sc icu la ta .
C on tro l
K idney -  an occasional basophilic c o r t ic a l tubu le .
A l l  the rem ain ing  tissues were m ic roscop ica lly  norm a l.
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